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Bodenmikroorganismen spielen eine wichtige Rolle für Ökosystemfunktionen wie den Abbau 
organischen Materials und die Bodenbildung, und sie sind verantwortlich für die meisten 
Umwandlungsprozesse des Stickstoffkreislaufs. Während der Langzeit-Entwicklung von Ökosystemen, 
bestehend aus der Progression und der Retrogression, verändern sich Nährstoffgehalte und Mineralogie 
des Bodens, die wahrscheinlich die mikrobielle Gemeinschaft und den mikrobiellen Stickstoffumsatz 
beeinflussen. Das Ziel dieser Doktorarbeit war es, die mikrobielle Gemeinschaft sowie den mikrobiellen 
Stickstoffumsatz entlang eines Langzeit-Ökosystementwicklungsgradienten zu charakterisieren und die 
gefundenen mikrobiellen Änderungen mit Veränderungen der Bodenparameter in Beziehung zu setzen 
unter besonderer Betrachtung der Mineralbodenhorizonte. Dafür wurden Bodenprofile bis zu einem Meter 
Tiefe entlang der 120.000 Jahre alten Franz Josef Chronosequenz (Neuseeland) untersucht. 
Die Ergebnisse der qPCR Analyse zeigten, dass das Verhältnis von Archaea zu Bacteria nicht 
nur mit der Bodentiefe, sondern auch mit dem Bodenalter zunahm. Die Archaeengemeinschaft, welche 
mittels 16S rRNA Gen-Pyrosequenzierung untersucht wurde, veränderte sich deutlich mit dem Bodenalter 
hin zu einer Dominanz der Bathyarchaeota, welche bereits häufig in anderen nährstoff- und energiearmen 
Habitaten detektiert wurden. Diese Ergebnisse zusammen mit denen eines Mikrokosmos-
Inkubationsexperiments deuten drauf hin, dass Archaea besser an die Mineral-induzierte 
Nährstofflimitation in den Unterböden angepasst sind. Dies wird anhand einer Selektion von bestimmten  
Taxa, besonders in älteren Böden mit einer Phosphorlimitierung, deutlich. Im Gegensatz dazu bleibt die 
bakterielle Gemeinschaft relativ stabil während der Langzeit-Ökosystementwicklung. 
 Die Aktivitäten und Abundanzen Stickstoff-umsetzender Mikroorganismen veränderten sich 
signifikant während der Langzeit-Ökosystementwicklung im Zusammenhang mit Veränderungen des 
Boden-Stickstoffgehalts und konnten in den Mineralbodenhorizonten mit mineralogischen Parametern in 
Beziehung gesetzt werden. Die Aktivitäten der Exoenzyme Protease und Urease wurden durch einen 
zunehmenden Gehalt an Eisen- und Aluminiumoxiden und Tonmineralen im Boden inhibiert. Ebenso 
nahmen die Abundanzen von archaellen Ammoniumoxidierern und Nitratreduzierern, welche anhand von 
qPCR des funktionellen Gens (amoA und narG) quantifiziert wurden, in den Unterböden des ältesten 
Standorts ab. Dies hing möglicherweise mit einer verminderten Substratverfügbarkeit zusammen, welche 
durch den zunehmenden Gehalt an Eisen- und Aluminiumoxiden und Tonmineralen verursacht wurde. 
Damit übereinstimmend zeigte sich bei einem Inkubationsexperiment, dass die Verfügbarkeit von 
Stickstoff durch Interaktionen mit Bodenmineralen herabgesetzt sein kann, aber mineral-gebundener 
Stickstoff dennoch eine wichtige Stickstoffquelle für Bodenmikroorganismen darstellt. Die Verfügbarkeit 
des mineral-gebundenen Stickstoffs hängt hauptsächlich von der Sauerstoffversorgung, den 
bodenmineralogischen Eigenschaften und dem entsprechenden Stickstoff-Substrattyp ab. 
Zusammenfassend zeigen die Ergebnisse dieser Doktorarbeit, dass mikrobielle Gemeinschaften 
und der mikrobielle Stickstoffumsatz im Boden nicht nur von der initialen Boden- und 
Ökosystementwicklung beeinflusst werden, sondern sich auch während der Langzeitentwicklung 
einschließlich einer Retrogression signifikant verändern. Überdies wurde neben Kohlenstoff- und 
Nährstoffgehalten auch die Relevanz von Bodenmineralen für die Bodenmikrobiologie hervorgehoben. 
 






Soil microbial communities play a key role in ecosystem functioning including organic matter 
degradation and soil formation and they mediate most transformation processes of nitrogen (N) cycling. 
During long-term ecosystem development that comprises a progressive and a retrogressive phase, soil 
nutrient contents and mineralogy changes, probably altering microbial communities and microbial 
nitrogen cycling. The aim of this thesis was to investigate microbial communities as well as microbial N 
cycling during long-term ecosystem development and to relate these microbial dynamics to changes in soil 
properties with special consideration of conditions in mineral soil horizons. Therefore, we analyzed soil 
profiles down to one meter depth along the 120,000 year old Franz Josef chronosequence (New Zealand). 
The results of qPCR analysis revealed that the archaeal to bacterial ratio not only increased with 
soil depth, but also with soil age, and the archaeal community composition analyzed by pyrosequencing of 
the 16S rRNA gene showed a pronounced shift with soil age towards a dominance of Bathyarchaeota 
frequently detected in nutrient-poor, low-energy habitats. These results together with those of a 
microcosm soil incubation experiment suggest that Archaea might better cope with mineral-induced 
nutrient limitation in subsoils by the selection for specific archaeal taxa, especially at the older sites 
characterized by P limitation. In contrast, bacterial communities remained rather stable during long-term 
ecosystem development. 
Activities and abundances of N cycling microorganisms significantly changed during long-term 
ecosystem development linked to changes in soil N content and were also related to mineralogical 
properties in mineral soils. Thus, the activities of the exoenzymes protease and urease were inhibited by 
the content of Fe and Al oxides as well as clay. Similarly, abundances of archaeal ammonia oxidizers and 
nitrate reducers quantified by qPCR of N functional genes (amoA and narG, respectively) were reduced in 
subsoils at the oldest site probably due to constrained substrate availability caused by the increasing 
content of Fe and Al oxides as well as clay-sized minerals. In line with these findings, the microcosm 
incubation experiment showed that the availability of N could be constrained by interaction with soil 
minerals; however, mineral-associated N provides an important N source for soil microorganisms. The 
availability of mineral-associated N was mainly related to the soil O2 status, soil mineralogical 
characteristics and substrate type. 
In summary, this thesis revealed that soil microbial communities and microbial N cycling are not 
only affected by early soil and ecosystem development, but also significantly change during longer time 
periods including a retrogressive phase. Moreover, in addition to the soil carbon and nutrient contents the 
relevance of the soil minerals for soil microbiology was highlighted. 
 
Keywords: Soil microbiology, Chronosequence, Nitrogen cycling 
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List of abbreviations 
16S rRNA Prokaryotic small subunit (16S) ribosomal ribonucleic acid  
Al  Aluminum 
Anammox Anaerobic ammonium oxidation 
AOA  Ammonia-oxidizing archaea 
AOB  Ammonia-oxidizing bacteria 
C  Carbon 
Cmic  Microbial biomass carbon 
Comammox Complete oxidation of ammonia to nitrate 
DNA  Deoxyribonucleic acid 
DNRA  Dissimilatory nitrate reduction to ammonium 
Fe  Iron 
Fed-o   Dithionite-citrate-extractable iron minus oxalate-extractable iron 
Feo, Alo  Oxalate-extractable iron and aluminum 
Fep, Alp  Pyrophosphate-extractable iron and aluminum 
FSCG  Forest Soil Crenarchaeotal Group 
HF  Heavy fraction 
HPLC  High-performance liquid chromatography 
LF  Light fraction 
MCG  Miscellaneous Crenarchaeotal Group 
MOM  Mineral-associated organic matter 
N  Nitrogen 
Nmic  Microbial biomass nitrogen 
Nmin  Inorganic nitrogen (nitrate + ammonium) 
OC  Organic carbon 
ON  Organic nitrogen 




OP  Organic phosphorus 
OTU  Operational taxonomic unit 
P  Phosphorus 
PCA  Principal component analysis 
PCR  Polymerase chain reaction 
POM  Particulate organic matter 
qPCR  Quantitative PCR 
RDA  Redundancy analysis 
SAGMCG South African Gold Mine Crenarchaeotal Group 1	
SOM  Soil organic matter 
SSU  Small subunit 
TCC  Total cell counts 
TN  Total nitrogen 
TP  Total phosphorus 
T-RF  Terminal restriction fragment 
T-RFLP Terminal restriction fragment length polymorphism 










1.1 Soil as a habitat for microbial communities 
1.1.1 Soil habitat characteristics and spatial distribution of soil microorganisms 
The soil is the most complex habitat on earth and represents the upper part of the earth’s crust 
consisting of unconsolidated organic and mineral material. The soil habitat is characterized by several 
environmental factors, influencing soil microbial abundances, community composition and activities, like 
pH, temperature, redox regime, moisture, texture or soil organic matter (SOM) content with a high spatial 
variability due to the large heterogeneity in soils (Voroney & Heck 2015). There is evidence that local 
heterogeneity and microscale environmental gradients e.g. with soil depth cause as much or even higher 
variation in microbial community composition as across surface soils of different biomes (Fierer et al. 
2009, Eilers et al. 2012). The soil biota consist of plants, animals and microorganisms and it was estimated 
that soil inhabit one third of all living organisms (Voroney & Heck 2015). Soil microorganisms comprise 
the three domains of life – Archaea, Bacteria and Eukaryotes (Fig. 1) with the latter including fungi, 
protozoa and micro-algae. One gram of surface soil (dry weight) contains about 10
10
 bacterial and 10
6
 
fungal cells with a tremendous biodiversity and could be considered as an immense biochemical gene 





Fig. 1: The tree of life (Bacteria, Archaea, and Eukaryotes) based on the total diversity of sequenced 
genomes from Hug et al. (2016). The tree includes 92 named bacterial phyla, 26 archaeal phyla and all 







Bacteria and Archaea often occur each as single cells, as micro-colonies associated with 
decaying SOM or larger colonies of several hundred cells on soil aggregates or minerals (Fig. 2 A-C). 
Most Fungi and some Bacteria (e.g. Streptomycetes) exhibit a filamentous habit and built up extensive 
networks of hyphae (Fig. 2 D) that are important for tapping nutrients and promoting soil aggregation. 
Soil microorganisms are embedded in an extracellular mucilage of microbial origin (e.g. extracellular 
polymeric substances, necromass) constituting a significant source of SOM and being important for SOM 
stabilization and aggregation (Miltner et al. 2012). Another important soil habitat and hotspot of microbial 
activity constitutes the rhizosphere, i.e. the zone of soil (few millimeters from the root surface) where 
microbial processes are influenced by the root system. Thereby, plants provide organic carbon (OC) as 
rhizodeposition comprising root exudates, root litter, and damaged root cells influencing bacterial 
communities (Dennis et al. 2010). Vice versa, microbial communities of the rhizosphere could affect plant 
health, e.g. by improving nutrient uptake (nitrogen, N; phosphorus, P) due to mycorrhizal fungi or N2-
fixing bacteria, or preventing the colonization by pathogenic microorganisms (Berendsen et al. 2012).    
 
Fig. 2: Microscopic pictures of SYBR Green I stained microbial cells derived from enrichment cultures of 
soil samples along the Franz Josef chronosequence. (A), (B) microbial cells in micro-colonies attached to 






Soil Bacteria are characterized by an extremely high physiological diversity with more than 150 
pathways and 900 different reactions (van Elsas et al. 2007). The most abundant soil Bacteria belong to 
the phyla Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, Chloroflexi and Firmicutes 
(Fierer et al. 2009). Although Acidobacteria are ubiquitous and abundant in soils, there are very few 
cultured representatives and therefore their ecological role remains elusive. The abundance of 
Acidobacteria is negatively correlated with soil pH and this parameter is also a good predictor for their 
community compositions with subgroups linked to neutral pH (Jones et al. 2009). Members of the 
Actinobacteria are aerobes and heterotrophs playing a major role in SOM decomposition (Killham & 
Prosser 2015). Many of the cultivated bacteria belong the phylum Proteobacteria that is characterized by 
a broad metabolic diversity and is of great importance to soil carbon (C) e.g. SOM decomposition, and N 
cycling e.g. N2 fixation, see chapter 1.2 (Kersters et al. 2006, Killham & Prosser 2015). The phylum 
Bacteroidetes is also very diverse, but there is evidence that soil Bacteroidetes are copiotrophic showing 
high abundances in (surface) soils with high amounts of labile SOM and being involved in the decay of 
SOM (Fierer et al. 2007, Eilers et al. 2012, Killham & Prosser 2015). The Chloroflexi are a phylum with 
few cultivated representatives and most soil Chloroflexi belong to the ‘subphylum I’ and the class 
Ktedonobacteria (Yamada & Sekiguchi 2009). For instance, the strain Ktedonobacter racemifer was 
isolated from soil and is characterized as a mesophilic, aerobic heterotroph (Cavaletti et al. 2006). 
Cultured representatives of soil Firmicutes belong to well-known genera as for example Clostridium and 
Bacillus. Firmicutes are gram-positive with aerobic or anaerobic metabolism and include endospore 
formers (Killham & Prosser 2015). 
1.1.3 Archaea 
Before the establishment of culture-independent PCR-based molecular techniques, Archaea were 
considered to be mostly extremophiles and were isolated from environments such as hot springs, salt 







sequences affiliated with the Crenarchaeota were frequently detected in moderate habitats such as soils 
(Jurgens et al. 1997, Buckley et al. 1998, Ochsenreiter et al. 2003). Since then, the rapid increase in 16S 
rRNA gene sequences lead to the discovery of more and more new archaeal groups, e.g. Thaumarchaeota, 
Bathyarchaeota, Lokiarchaeota and Hadesarchaeota (Brochier-Armanet et al. 2008, Meng et al. 2014, 
Spang et al. 2015, Baker et al. 2016) and hence a fast changing archaeal phylogeny (Fig. ).  
Soil Archaea comprise on average 2% of the 16S rRNA gene sequences and there is evidence 
that they are predominantly oligotrophs as compared to most soil Bacteria  (Fierer et al. 2007, Nemergut 
et al. 2010, Wessén et al. 2010, Chroňáková et al. 2015). Soil archaeal communities were dominated by 
the former Crenarchaeota 1.1b, now part of the phylum Thaumarchaeota (Bates et al. 2011). So far, all 
cultivated members of the phylum Thaumarchaeota (Group 1.1a and 1.1b) could oxidize ammonia to 
nitrite being the rate limiting step of the nitrification (Oton et al. 2016), but there is also evidence that 
Thaumarchaeota of the Group 1.1c could grow without performing ammonia oxidation (Weber et al. 
2015). In addition to the Thaumarchaeota, members of the Euryarchaeota such as Methanomicrobiales, 
Methanosarcinales, Thermoplasmatales and Halobacteriales were also frequently detected in soils 
(Auguet et al. 2010). Whereas little is known about the role of Thermoplasmatales and Halobacteriales 
that were described as heterotrophs and normally isolated from geothermal, acidic or hypersaline 
environments, Methanomicrobiales and Methanosarcinales are methanogens and produce methane in 
anoxic zones of soils (Offre et al. 2013). Recent studies provide evidence that also members of the class 
Thermoplasmata are able to produce methane (Paul et al. 2012, Iino et al. 2013). 
1.1.4 Fungi 
Fungi are Eukaryotes and present in all soils. Most soil Fungi belong to the phyla Ascomycota 
and Basidiomycota with a proportion of 56 and 31%, respectively (Tedersoo et al. 2014). They interact 
with both living and dead organisms and are as decomposers fundamental for SOM mineralization 
including N and P cycling. Especially during early stages of SOM decomposition their filamentous growth 




advantageous for Fungi being the principal degraders of plant cell wall material (Taylor & Sinsabaugh 
2015). The enzyme repertoire of classical decomposer Fungi (saprotrophs) contains e.g. phenol oxidases 
and peroxidases to degrade aromatic compounds such as lignin, and hydrolases and other polysaccharide-
degrading enzymes to degrade cellulose, pectin and hemicellulose (Rabinovich et al. 2004). As 
mycorrhizal partner, most Fungi live in a close interaction with plant roots as either endosymbionts 
(arbuscular and ericoid mycorrhizal Fungi) or ectomycorrhizal Fungi (Balestrini et al. 2015).  Mycorrhizal 
Fungi deliver water and mineral nutrients (N, P), thereby promoting the growth of the plants (Berendsen 
et al. 2012, Taylor & Sinsabaugh 2015). Further, Fungi produce spores that enable them the survival of 
harsh conditions and the dispersal over great distances by air (Taylor & Sinsabaugh 2015).  
 
1.2 Microbial nitrogen cycling – from degradation of complex nitrogen polymers 
to nitrogen transformations 
1.2.1 Different nitrogen pools and overview of nitrogen cycling in soil 
Nitrogen can be found in inorganic and organic forms in soils with the latter residing mainly in 
SOM, plant biomass and microbial biomass (Fig. 3). So far, in present ecological concepts the SOM N 
pool is considered to be one pool without further differentiation into functionally and compositionally 
different fractions (Rennenberg et al. 2009, Robertson & Groffman 2015, Stein & Klotz 2016). Schimel 
and Bennett (2004) emphasized the compositional differences of SOM N consisting of polymers and 
monomers that differ in availability for soil microorganisms and plants (Rennenberg et al. 2009). 
However, beyond this classification into polymers and monomers, there is increasing evidence that SOM 
resides in different functional pools, e.g. particulate and mineral-associated organic matter (POM and 
MOM, respectively), possessing different availability (Schmidt et al. 2011). Soil minerals stabilize SOM 








While the role and the characteristics of OC in different SOM fractions are already well 
investigated (von Lützow et al. 2006, Kögel-Knabner et al. 2008, Gentsch et al. 2015), knowledge about N 
transformation in different functional N pools and their stabilization is scarce. Although the cycling of C 
and N is connected to each other via biomass production and degradation, the effect of the soil mineral 
characteristics on mineralization of OC and organic N (ON) differs as reported by previous studies 
(Knicker 2011, Heckman et al. 2013, Bimüller et al. 2014). A sorption experiment with dissolved ON and 
different mineral phases as well as subsoils showed that the retention of ON was smaller than that of OC 
(Kaiser & Zech 2000). In contrast, N containing compounds such as proteins are preferentially 
accumulated in stabilized SOM by metal oxides (Knicker 2011, Pronk et al. 2013). Microbial extracellular 
enzymes could be sorbed to soil mineral surfaces (Fig. 4) mostly resulting in inhibited activities and 
therefore slowing down microbial SOM degradation and mineralization (Gianfreda et al. 1992, Nannipieri 
& Smalla 2006, Burns et al. 2013). In addition, Dippold et al. (2014) reported that the bioavailability of 
sorbed alanine representing a potential substrate for soil microorganisms strongly depends on the mineral 
phase characteristics that acts as a sorbent with the lowest microbial utilization of alanine sorbed to an iron 
(Fe) oxide (goethite). Consequently, microbial N cycling could be impaired directly by the inhibition of 
extracellular enzyme activities or indirectly by constraining their substrate availability.  
Most N transformations in soils are mediated by soil microorganisms (Robertson & Groffman 
2015). The main external, natural sources of N are atmospheric deposition or microbial N2-fixation. Fixed 
N is used to support biomass production and could be converted to ammonium by ammonification. During 
nitrification the ammonium is converted to nitrite and nitrate. Denitrification, i.e. the reduction of nitrite to 
N2O or N2, and the anammox reaction, i.e. the anaerobic ammonium oxidation with nitrite to N2, leads 
each to microbially caused N losses from soil. In contrast, during the ammonification by dissimilatory 
nitrate reduction to ammonium (DNRA), the microbially transformed N remains in the soil. Plant and soil 
microorganisms compete for ammonium, nitrate and monomeric SOM ON, whereas SOM ON polymers 
are depolymerized by extracellular enzymes mainly derived from soil microorganisms (Rennenberg et al. 





Fig. 3: Schematic overview of soil N pools and microbial N transformation. SOM organic N (ON) pool 
consists of ON in particulate organic matter (POM) and mineral-associated organic matter (MOM). Nmic  
represents N in microbial biomass and Nplant represents N in plant biomass. Microbial processes are 
indicated by orange arrows, competing uptake of ON, ammonium and nitrate by plants is indicated by 
black arrows, and plant ON input to SOM ON pool is indicated by grey arrows. Gaseous N forms are 
shown in blue boxes. Nitrification I and II denote ammonia oxidation and nitrite oxidation, respectively. 
Denitrification I denotes nitrite reduction and nitric oxide reduction and denitrification II denotes nitrous 
oxide reduction. 
 
1.2.2 N2 fixation 
Atmospheric N2 can be transformed to biologically available N species by biological N fixation 
representing an important N input to soils. N2-fixing microorganisms (diazotrophs) break the triple bond 
of N2 and convert it to ammonia using the nitrogenase enzyme. This process is restricted to members of 
the domains Archaea and Bacteria that constitute a phylogenetically (methanogenic Archaea, 
Proteobacteria, Cyanobacteria, Firmicutes and Actinobacteria) and physiologically diverse group 
(Bottomley & Myrold 2015). Free-living N2-fixing bacteria could be autotrophic or heterotrophic with the 
latter being constrained by a low availability of labile C compounds (Reed et al. 2011, Davies et al. 2013). 







intercellular spaces of the root cortex (Bottomley & Myrold 2015). Cyanobacteria and other 
photosynthetic bacteria are important diazotrophs in rice paddies and biological soil crusts (Whitton 2000, 
Belnap 2003). Symbiotic associations between N2-fixing bacteria (rhizobia) and legumes provide the plant 
with N while the energy for N2 fixation is supplied by the photosynthetic host (van der Heijden et al. 
2008). Similarly, the actinobacterial genus Frankia forms symbiotic associations with nonleguminous 
plants like alder (Benson 1982). 
1.2.3 Microbial degradation of complex nitrogen polymers 
In soil, most N containing compounds are available as polymers, such as proteins, chitin, or 
peptidoglycan that could not be taken up by soil microorganisms. Therefore, the first step in the microbial 
degradation of N containing substrates is the depolymerization into smaller compounds by extracellular 
enzymes (Geisseler et al. 2010). Important enzymes that cleave N compounds are proteases, peptidases, 
amidase, deaminase, urease, and chitinases (Caldwell 2005). Proteases and peptidases hydrolyze proteins 
and peptides into smaller peptides or amino acids, whereas amidases and deaminases cleave an amino 
group from primary amines (Caldwell 2005, Geisseler et al. 2010). The urease catalyzes the hydrolysis of 
urea to CO2 and ammonium (Sinsabaugh et al. 2000). Chitinases cleave the links between the N-acetyl-D-
glucosaminide molecules of chitin (Geisseler et al. 2010). 
In general, enzymes in soil could be located intracellular, periplasmatic, or extracellular (Fig. 4). 
Extracellular enzymes could be bound to the outer cell surface, secreted by soil microorganisms by intent, 
or leaking from dead, lysed cells (Burns et al. 2013). The production of enzymes costs energy as well as C 
and nutrients such as N and therefore is strongly regulated by the microbial cell. Consequently, 
extracellular enzyme activities could be used as proxies for the nutrient demand of the cells (Sinsabaugh et 
al. 2008). 
After depolymerization, mineralization, or nitrification, soil microorganisms could take up N 
compounds as nitrate, ammonium or small organic N molecules. The uptake of nitrate and small organic 




uptake of small organic compounds has the advantage of providing also C and energy in addition to N 
(Geisseler et al. 2010). 
 
Fig. 4: Locations of enzymes in soil (intracellular (i, iv, v, vi), periplasmatic (ii), or extracellular (iii, vii)) 
and interactions of extracellular enzymes with substrate (viii), SOM (ix), soil minerals (x), or tannins (xi) 
(from Burns et al. 2013). 
 
1.2.4 Nitrification 
During nitrification, microorganisms aerobically oxidize ammonia via nitrite to nitrate. 
Therefore, nitrification constitutes an important source of nitrate that is more mobile in soils than 
ammonium (Robertson & Groffman 2015). Further, nitrification causes a decrease in soil pH due to 
production of protons and could be a source of NO and N2O formed as intermediates with the latter being 
relevant as greenhouse gas (Robertson & Groffman 2015). Nitrification is a two-step process conducted 
by physiologically distinct groups of microorganisms: ammonia oxidizers and nitrite oxidizers. The first 
step could be performed by ammonia-oxidizing Archaea (AOA) as well as ammonia-oxidizing Bacteria 







oligotrophic habitats with low ammonia concentrations (Leininger et al. 2006, Di et al. 2010). Further, 
there is evidence that AOA especially dominate in acidic soils with pH < 5.5 (Prosser & Nicol 2012). In a 
wide range of soils, AOA outnumber AOB and dominate ammonia oxidation (Prosser & Nicol 2012, 
Offre et al. 2013). The AOB belong to Beta- and Gammaproteobacteria with Nitrosomonas and 
Nitrosospira common in soils (Norton 2011). 
The second step of the nitrification, the oxidation of nitrite to nitrate, is performed by bacteria of 
different phylogenetic groups such as Alpha- (Nitrobacter), Beta- (Candidatus Nitrotoga), Gamma- 
(Nitrococcus) and Deltaproteobacteria (Nitrospina), and the phylum Nitrospirae (Ehrich et al. 1995, 
Robertson & Groffman 2015). Moreover, Sorokin et al. (2012) discovered a nitrite-oxidizing bacterium 
from a nitrifying bioreactor belonging to the phylum Chloroflexi that possibly also occurs in soils (Cretoiu 
et al. 2015). 
However, in 2015 van Kessel et al. and Daims et al. discovered Nitrospira bacteria that are 
capable to perform the complete oxidation of ammonia to nitrate (comammox) and a screening of public 
databases revealed that amoA sequences closely related to this Nitrospira species were detected in a wide 
range of habitats including different soil types. 
In addition to the above described autotrophic nitrifiers, several heterotrophic bacteria and fungi 
are capable to nitrify by oxidizing ammonia or organic forms of N. However, this heterotrophic 
nitrification pathway does not serve for energy production and cellular growth and seem to be only 
important in soils, in which autotrophic nitrifiers are inhibited (Robertson & Groffman 2015, Zhang et al. 
2015). 
1.2.5 Denitrification 
Denitrification is a microbial process where nitrate and nitrite is sequentially reduced to gaseous 
NO, N2O and N2 being relevant as N loss point in soils and contributes to emission of the greenhouse gas 
N2O (Robertson & Groffman 2015). Denitrification is carried out by a wide range of soil microorganisms 




heterotrophic bacteria that use nitrate as terminal electron acceptor for respiration under oxygen-deficient 
conditions. Therefore, denitrification mainly occurs in water-saturated soils such as wetlands or after 
rainfall events when oxygen diffusion is inhibited (Robertson & Groffman 2015). 
Denitrifiers can co-exist with nitrifiers and rapidly consume the produced nitrate or nitrite. This 
process is termed coupled nitrification-denitrification and occurs in soils where oxic and anoxic 
microhabitats are located close to each other, e.g. at soil aggregates or cracks (Wrage et al. 2001). This 
coupling of both processes could also be carried out by one organism during the so-called nitrifier-
denitrification. Autotrophic ammonia oxidizers, e.g. Nitrosomonas europaea, conduct the nitrifier-
denitrification especially under low oxygen concentrations (Colliver & Stephenson 2000) as well as 
heterotrophic nitrifiers under aerobic conditions (Wrage et al. 2001). 
In contrast to the latter processes, during co-denitrification, N2O and N2 could also be formed as 
a hybrid N-N species by combining two different N compounds, e.g. nitrite with a co-metabolized amine 
(Tanimoto et al. 1992, Spott & Stange 2011). Like conventional denitrification, this process is detected in 
Archaea, Bacteria and Fungi (Aerssens et al. 1986, Tanimoto et al. 1992, Stieglmeier et al. 2014). 
1.2.6 DNRA and anammox 
Besides the classical N cycling pathways of nitrification, denitrification and N2 fixation, there 
are more N transformations which role and relevance in soil microbial N cycling are not fully understood. 
Dissimilatory nitrate reduction to ammonium (DNRA; nitrate ammonification) is the anaerobic reduction 
of nitrate via nitrite to ammonium. Redox state and the C to nitrate ratio are important factors regulating 
the partitioning between DNRA and denitrification in soils (Baggs 2011, Rütting et al. 2011). DNRA rates 
seem to be highest in soils with high SOM content in humid regions with a high relative importance 
compared to denitrification especially in temperate climate (Rütting et al. 2011). 
During the anaerobic ammonium oxidation (anammox), ammonium and nitrite are converted to 
N2 by anammox bacteria (Robertson & Groffman 2015). These bacteria are affiliated with the phylum 
Planctomycetes and comprise genera such as Scalindula, Kuenenia and Brocadia (Strous 2011). 







unimportant in soils because of low ammonia input and therefore denitrification dominates (Strous 2011). 
Only in paddy soils and wetland soils anammox bacteria were detected so far (Humbert et al. 2012, Bai et 
al. 2015). 
 
1.3 Microbial pattern across a soil depth profile  
1.3.1 Changing soil properties across soil depth profiles 
Within a soil depth profile, soil parameters such as pH, temperature, SOM content, moisture, or 
nutrient contents could change drastically (Holden & Fierer 2005). The uppermost layer consists of 
decaying SOM from plant residues and roots comprising the organic horizon (O horizon) and the 
underlying SOM-enriched mineral topsoil (A horizon). Due to eluviation by water, soluble and colloidal 
inorganic compounds were transported from surface layers deeper into the soil profile and accumulate in 
the subsurface horizon (B horizon). Below the B horizon the least weathered parent material comprises the 
C horizon (Voroney & Heck 2015). 
The content of SOM and correspondingly the contents of C and nutrients (e.g. N and organic P, 
OP) sharply decline with soil depth (Holden & Fierer 2005, Hansel et al. 2008). However, despite the 
decreasing SOM content with soil depth, subsoils (below 20 cm) harbor more than half of the total C 
stocks to 100 cm depth ranging from 48% to 68% between different biomes (Jobbágy & Jackson 2000). In 
humid regions, the content of clay is higher in subsoils (B horizon) than in topsoils (Merrill 1906). 
Therefore, most OC and ON in subsoils is associated with soil minerals forming mineral-organic 
associations (Sollins et al. 2006, Kögel-Knabner et al. 2008, Mikutta et al. 2009). In acid and near neutral 
soils, the main stabilization mechanisms of SOM is reported to be the interaction with amorphous Fe and 




1.3.2 Microbial communities along vertical soil profiles 
Corresponding to the steep gradient in SOM content, abundances and activities of most 
microorganisms are highest in the organic topsoils and decline with depth (Taylor et al. 2002, Fierer et al. 
2003, Eilers et al. 2012). While organic soil horizons are typically enriched in Fungi and gram-negative 
bacteria, the relative proportion of gram-positive bacteria, Actinobacteria and Archaea increases with 
depth (Fierer et al. 2003, Uroz et al. 2013). Similarly, the microbial diversity and community composition 
of the three taxa are also vertically stratified. The bacterial diversity declines with depth and community 
composition varies with soil depth showing differences between soil horizons (Hansel et al. 2008, 
Hartmann et al. 2009). Fungal community composition shows distinct patterns with soil depth with fungal 
taxa confined either to litter or organic soil horizon and a relative higher abundance of Ascomycota in 
organic compared to mineral soil horizons (Baldrian et al. 2012, Uroz et al. 2013). In contrast, the archaeal 
diversity is highest in deeper soil horizons, but also shows differences in community composition between 
soil horizons (Hansel et al. 2008, Hartmann et al. 2009). 
1.3.3 Nitrogen mineralization and abundances of nitrogen cycling microorganisms 
along vertical soil profiles 
Coinciding with the general trend of decreasing OC and ON content as well as microbial 
abundances with soil depth, the N mineralization rate and the activities of N-hydrolyzing extracellular 
enzymes also decrease (Ajwa et al. 1998, Aon & Colaneri 2001, Taylor et al. 2002, Holden & Fierer 2005, 
Stone et al. 2014, Pinggera et al. 2015). Depolymerized ON compounds are utilized preferentially via the 
direct uptake route as small organic molecules such as amino acids or small peptides by microorganisms 
of surface soils and subsoils likewise (Pinggera et al. 2015). 
Correspondingly to activities and general microbial abundances, abundances of nifH genes, 
bacterial amoA genes, nitrate reductases genes (narG and napA), and denitrifying genes (nirK and nirS) 
decrease with depth in different soils (Mergel et al. 2001, Kandeler et al. 2009, Onodera et al. 2010, 







decreasing trend for nosZ (nitrous oxide reductase) gene abundances, abundances slightly increase with 
soil depth being maximal in the B horizon of forest soil (Kandeler et al. 2009). In contrast to AOB 
abundances, archaeal amoA gene copy numbers varies with soil depth according to season (Onodera et al. 
2010) and, similarly, Hansel et al. (2008) detected AOA in subsoil B and C horizons, but not in the topsoil 
A horizon.  
Throughout the soil profile and within soil aggregates, the oxygen content can fluctuate 
depending on soil type and its corresponding properties such as texture or water content (Sexstone et al. 
1985, Holden & Fierer 2005). Oxygen availability and the redox regime act as a switch between aerobic 
and anaerobic N cycling pathways and could determine whether particular N cycling microorganisms are 
stimulated or not (Pett-Ridge et al. 2006). Thus, differences in abundance trends with soil depth can be 
related to soil characteristics, e.g. the abundances of anammox bacteria (based on hszB gene copy 
numbers) that increase with soil depth in paddy soils (Bai et al. 2015), although anammox bacteria have so 
far been rarely detected in soil systems.  
 
1.4 Microbial patterns during soil and ecosystem development 
1.4.1 Changing soil properties along a soil development gradient 
After major disturbances such as volcanic eruption or glacier retreat, ecosystem development 
starts involving soil formation and primary succession (Walker & del Moral 2003). This stage of 
progression is characterized by an increase in biomass with ongoing time (Wardle et al. 2004, Peltzer et al. 
2010). After hundreds to thousands of years the progressive development leads to a maximal biomass 
stage (Odum 1969, Wardle et al. 2004, Peltzer et al. 2010). However, without further rejuvenating 
disturbances this “climax” stage is followed by a retrogressive phase. Retrogression occurs after thousands 
to millions of years if the ecosystem undergoes a substantial decline in ecosystem productivity, plant 
biomass, availability of nutrients and above- and belowground communities shifted to nutrient-stress-




This sequence of ecosystem development is linked to pedogenesis and associated changes in 
nutrient availability (Fig. ). Abiotic nutrient input in soils derives from atmospheric sources like 
precipitation or dust and parent material derived sources (Blume et al. 2010). While in young soils N tends 
to be scarce mainly entering in small amounts via atmospheric input, primary minerals, e.g. apatite, of the 
parent material provide a rich P source (Menge et al. 2012, Turner & Condron 2013). With ongoing soil 
and ecosystem development, N2-fixing symbioses increase the available N pool, whereas weathering and 
leaching of P-containing minerals results in a depletion of P (Fig. 5; Peltzer et al. 2010, Turner & Condron 
2013). Additionally, during ecosystem development a mineralogical gradient forms due to transformations 
of soil minerals from primary minerals via poorly crystalline minerals to secondary minerals and 
crystalline metal (hydr)oxides during pedogenesis (Vitousek et al. 1997). Therefore, with increasing soil 
age, the content of available P decreases due to the absolute loss and the protection by Fe and Al 
hydr(oxides) (Vitousek et al. 1997, Turner et al. 2007). Overall, young ecosystems are rather N limited, 
whereas with increasing age there is a shift to P limitation in older, retrogressive stages (Wardle et al. 
2004, Menge et al. 2012). 
 
Fig. 5: Changes in C and nutrient (N, P) content during progressive and retrogressive soil development 
phases modified after Peltzer et al. (2010). 
 
1.4.2 Microbial communities along ecosystem development gradients 
During the early stage of ecosystem development, the colonization by pioneer microorganisms 







material and create biofilms that provide interfaces for nutrient turnover (Schulz et al. 2013). With 
ongoing progression of the ecosystem, SOM accumulates coinciding with an increase in plant biomass 
aboveground as well as an increase in microbial activities and abundances belowground (Schipper et al. 
2001, Richardson et al. 2004, Brankatschk et al. 2011, Turner et al. 2012, 2013, Blaško et al. 2015). 
Bacterial community composition changes during early progression (till ~ 100 years) accompanied by 
stable or increasing bacterial diversity and richness (Nemergut et al. 2007, Zumsteg et al. 2012b, Brown & 
Jumpponen 2014, Mateos-Rivera et al. 2016). Although archaeal community composition also changes 
with ongoing soil development, archaeal diversity decreases (Zumsteg et al. 2012b, Mateos-Rivera et al. 
2016). 
There are only a few studies that analyzed microbial communities during longer-term ecosystem 
development including retrogression. The bacterial community composition in topsoils along a dune 
chronosequence changes according to progressive and retrogressive ecosystem development stages 
(Jangid et al. 2013a). Similarly, along a forest chronosequence there was a shift in bacterial community 
composition with increasing soil age, however, with greater differences during the progressive phase 
(Jangid et al. 2013b). Both studies reported decreasing bacterial diversity with ongoing development. The 
analysis of a chronosequence derived from uplifted marine terraces varying in vegetation types also gave 
similar results with a compositional shift for bacterial communities in topsoils (Uroz et al. 2014). 
Consequently, bacterial community composition in topsoil seems to be altered by soil and ecosystem 
development.  
1.4.3 Nitrogen mineralization and abundances of nitrogen cycling microorganisms 
along ecosystem development gradients 
In the initial phase of soil development, the major N source derives from N deposition and 
promotes biomass production of pioneer (micro)organisms (Brankatschk et al. 2011, Schulz et al. 2013). 
The decomposition of complex SOM derived from biomass, in turn, supports N mineralization processes, 




(Brankatschk et al. 2011). With ongoing ecosystem development and increasing plant coverage, N2-fixing 
microbes become more and more important in N acquisition (Nemergut et al. 2007, Brankatschk et al. 
2011, Schulz et al. 2013). In vegetated, more developed soils, the N cycle becomes more complex as 
revealed by increasing abundances of several different N pathway coding genes such as nifH (N2 fixation), 
amoA (ammonia oxidation), nirK and nosZ (denitrification).  Likewise, N cycle related activities such as 
N2 fixation, nitrification and denitrification rates increase (Kandeler et al. 2006, Töwe et al. 2010, 
Brankatschk et al. 2011, Schulz et al. 2013, Zeng et al. 2016). The functional diversity of the soil 
microbial communities is maximal in developed soils and biomass N provides the most important ON 
source (Tscherko et al. 2003, Schulz et al. 2013). 
 
1.5 The chronosequence approach 
1.5.1 Definition, advantages and possible limitations of a chronosequence 
A chronosequences is defined as a set of sites originated from the same parent material or 
substrate differing in age (Walker et al. 2010). Chronosequences provide the unique opportunity to study 
temporal dynamics during ecological succession and pedogenesis (soil formation) over long time periods 
up to millions of years with the different sites developing under similar climatic conditions (Stevens & 
Walker 1970, Walker et al. 2010). To study natural development processes, chronosequences should be 
not altered or modified by anthropogenic activities which would impede a correct interpretation of the 
temporal dynamics. Chronosequences should consist of more than two stages, should show a clear pattern 
of temporal change and several lines of evidence that verify the history and the time series. An appropriate 
chronosequence study should examine replicate plots within one stage to compare variation within and 
between development stages (Walker et al. 2010).  
1.5.2 Site description: Franz Josef chronosequence 
The Franz Josef chronosequence is located at the edge of the Southern Alps on the West Coast 







and retreat of the Franz Josef glacier from glacial outwash of greywacke and mica schist. They span a time 
scale from present to 120.000 years and the two oldest sites (60 and 120 kyr) also received Pleistocene 
loess depositions (Stevens 1968, Almond et al. 2001). Soils developed from initial soils with A and C 
horizons (0.06 kyr, Haplic Regosol), to Stagnic Regosols and Stagnic Cambisols (0.5 kyr) characterized 
by a starting horizon differentiation, a cumulating organic layer (O horizon), and brownish discoloration 
(B horizon), and to Stagnic Podzols (1 – 120 kyr) characterized by the formation of an eluvial horizon (E 
horizon) with increasing thickness (IUSS Working Group WRB, 2006; Fig. 7; Turner et al. 2014). 
Thereby, the soil horizons across the soil profile are grouped into organic topsoil (O horizon), mineral 
topsoil (A horizon) and subsoil (E, B, and C horizon). The mean annual temperature is 10.8 °C; 
precipitation at the youngest four sites (0.06 – 5 kyr) is ca. 6.500 mm and ca. 3.500 mm at the three older 
sites (12 – 120 kyr). Soils are covered by temperate rainforest with a general dominance of evergreen 
angiosperms. Woody plant diversity, vegetation cover and tree height increase through ecosystem 
progression, and then decline (Richardson et al. 2004).  
The history of the Franz Josef chronosequence is well characterized and the sites are remote 
precluding disturbances by anthropogenic activities (Stevens 1968, Almond et al. 2001). Organic and 
mineral topsoils of the Franz Josef chronosequence are already well investigated in terms of C and 
nutrient (N, P, and sulfur) dynamics (e.g. Richardson et al. 2004; Turner et al. 2013; Turner et al. 2016), 
vegetation development (e.g. Richardson et al. 2004), and partly microbial communities and activities 
(e.g. Allison et al. 2007; Jangid et al. 2013b) providing valuable data for the interpretation of our own 
results. 
Similarly to most long-term chronosequences (see chapter 1.4.1), the soils along the Franz Josef 
chronosequence are characterized by a C, nutrient and mineralogical gradient with highest soil OC and 
ON contents at the intermediate-aged sites and a sharp decline in OP and total P (TP) contents with 
ongoing soil development (Fig. 8; Richardson et al. 2004, Turner et al. 2014). Soil mineralogy is 
characterized by a change from a large portion of pedogenic Fe and Al residing in metal-humus 




Fe and Al phases (oxalate-extractable Fe and Al; Feo, Alo) at intermediate-aged sites and into a dominance 
of crystalline Fe and clay-sized minerals (dithionite-citrate-extractable Fe minus oxalate-extractable Fe; 
Fed-o) at the oldest site (Turner et al. 2014). The clay content increases with soil age and the analysis of 
clay mineral assemblages reveals a remarkable suite of transitional phases such as vermiculite and several 
interstratifications with vermiculitic, smectitic, chloritic and micaceous layers developing during 
weathering (Turner et al. 2014, Dietel et al. 2017). 
 









Fig. 7: Soil depth profiles of all seven sampling sites along the Franz Josef chronosequence showing soil 
development stages: (A) 0.06, (B) 0.5, (C) 1, (D) 5, (E) 12, (F) 60, and (G) 120 kyr modified after Turner 
et al. (2014). Smaller capital letters across the soil depth profile designate the soil horizons (O/OA, A/AE, 





Fig. 8: The content of OC, ON and OP in each horizon cluster (O, A, E, B, and C) in soils of different 
ages along the Franz Josef chronosequence. The contents were shown as boxplots with single points for 
horizon and soil profile replicates. The color of the points indicates soil depth (cm). Data were derived 
from Turner et al. (2014).  
 
1.6 Knowledge gaps and research hypotheses 
Although, the dynamics of microbial communities in general, and of N cycling microorganisms 
in particular, are already well investigated during early soil and ecosystem development (i.e. the  
progressive phase) there a major knowledge gaps with regard to longer time periods that include 
retrogressive ecosystem development. Additionally, most studies about soil microbial patterns during 
ecosystem development focus on topsoils while ignoring subsoils that represent an important habitat for 
numerous soil microorganisms and significantly differing in soil conditions from topsoils with an 







the relationship between microbial communities or microbial N cycling and soil mineralogical properties 
in artificial systems, but studies in natural soil systems are scarce. Therefore the research questions of this 
thesis were: How do microbial abundances and communities develop in whole soil profiles during long-
term ecosystem development including retrogression that is characterized by low nutrient (P limitation) 
and low substrate content? How do microbial N cycling abundances and activities develop in whole soil 
profiles during long-term ecosystem development? Which soil parameters shape long-term dynamics of 
microbial communities and microbial N cycling with special consideration of conditions in mineral soil 
horizons? Based on these questions, the following five main hypotheses were tested: 
 
I. Archaea are playing a quantitatively increasing role with increasing soil depth and soil age as 
compared to Bacteria and Fungi. 
II. Archaeal and bacterial community composition of mineral soils considerably changes during long-
term ecosystem development. 
III. Activities of nitrogen-hydrolyzing exoenzymes in soil profiles during progressive and retrogressive 
ecosystem development are not only affected by the nutrient gradients, but also by changes in soil 
mineralogical properties. 
IV. Abundances and community composition of nitrogen cycling microorganisms are significantly 
affected by long-term ecosystem development due to the soil nutrient and mineralogical gradients. 
V. Nitrogen cycling activities and nitrogen functional gene abundances are reduced due to an increasing 
influence of the soil mineral phase in mineral soils during long-term soil development. 
 
This Ph.D. thesis was part of the research project “Accumulation, transformation, and 
stabilization of organic nitrogen along a mineralogical soil gradient”, a cooperation between the 
geomicobiology of the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) and the Institute of 




Hannover investigated soil chemical and mineralogical properties, this thesis focusses on the 
microbiological part of the research project. 
Soil depth profiles of the Franz Josef chronosequence were analyzed for chemical soil 
parameters (pH, C, N, P), soil texture and mineralogical parameters (Fe and Al (hydr)oxides). Microbial 
abundances were measured as total cell counts (TCC) via SYBR Green I cell staining and microbial 
biomass via the fumigation-extraction-method. Abundances of Archaea, Bacteria and Fungi were 
quantified via qPCR of small subunit (SSU) rRNA genes and archaeal and bacterial community 
composition were determined by pyrosequencing of 16S rRNA genes. Activities of N-hydrolyzing 
extracellular enzymes were measured colorimetrically and by HPLC, and abundances of N cycling 
microorganisms were quantified by qPCR using marker genes for ammonia oxidation (amoA), nitrate 
reduction (narG), and chitin degradation (chiA). To elucidate which soil parameters affect microbial 
abundances and activities during long-term soil development a microcosm incubation experiment was 
conducted. Thereby, the effects of soil age, SOM (mineral-associated vs. particulate), O2 status, and C and 
P additions were tested. Using a combination of activity measurements and molecular methods, microbial 
N transformation rates (net N mineralization, N2O and N2 production), abundances of SSU rRNA genes 










2 Results and Discussion 
2.1 Archaea are playing a quantitatively increasing role with increasing soil 
depth and soil age as compared to Bacteria and Fungi (manuscript 1) 
Bacterial, fungal and eukaryotic abundances were maximal in organic topsoils along the Franz 
Josef chronosequence and decreased with soil depth, whereas archaeal abundances were maximal in A 
horizons at some sites (0.5, 12, 60, and 120 kyr) as determined by qPCR of SSU rRNA gene copy 
numbers. Moreover, archaeal to bacterial abundance ratios increased with soil depth, while fungal to 
bacterial ratios decreased resulting in a relative predominance that shifted from Fungi to Bacteria to 
Archaea with increasing soil depth. Archaeal, bacterial, fungal and eukaryotic SSU rRNA gene copy 
numbers were positively correlated to soil OC, ON and OP contents in whole soil profiles along the Franz 
Josef chronosequences with stronger relationships for Bacteria, Fungi and Eukarya. These results for 
temperate rainforest soils support previous findings of a vertical stratification of microbial taxa within the 
soil profile for spruce forest and grassland soils (Fierer et al. 2003, Baldrian et al. 2012, Uroz et al. 2013). 
Stratification may be mainly related to substrate availability and preferences of microbial taxa. Thereby, 
Bacteria, Fungi and Eukarya seem to be more dependent on substrate availability that is highest in organic 
topsoils due to litter input. Fungi play a key role in the decomposition of particulate SOM (e.g. litter) by 
excreting a wide range of extracellular enzymes and mediate the degradation of complex compounds such 
as cellulose that are enriched in C (Baldrian et al. 2012, Taylor & Sinsabaugh 2015). Therefore, their 
abundance is positively correlated to soil C:N ratio. While Fungi may quantitatively dominate the litter 
horizon, their relative abundance decreases with soil depth with Bacteria and Archaea becoming more 
important (Baldrian et al. 2012, Gittel et al. 2014a). The increase of the relative quantitative importance of 
Archaea with soil depth and the negative relationship between archaeal to bacterial ratios and increasing 
soil C contents as reported for fertilization studies (Nemergut et al. 2010, Wessén et al. 2010, Chroňáková 
et al. 2015) suggest that soil Archaea, in particular Thaumarchaeota, are rather oligotrophs according to 
the oligotroph-copiotroph model of Fierer et al. (2007) and thus, are probably specifically adapted to 
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subsoil conditions. Moreover, energy limitation becomes more relevant with increasing soil depth giving 
presumably preference for Archaea over Bacteria as discussed in detail below (Valentine 2007). 
Interestingly, the archaeal to bacterial abundance ratio not only increased with soil depth, but 
also with soil age in subsoils coinciding with a depletion in P and an increase in Fe and Al (hydr)oxides as 
well as clay-sized minerals. Results of the microcosm incubation experiment, where the influence of soil 
properties (O2 status, SOM fraction, soil age and C and P addition) on microbial community dynamics 
was studied, indicated that bacterial abundances were influenced by all tested parameters with a strong 
effect of O2 status, SOM fraction and their interaction, whereas archaeal abundances were hardly affected 
by these parameters. Similarly, archaeal abundances were only slightly affected by clay mineral 
composition and showed no change if the Fe oxide ferrihydrite was added as tested in an 18 month 
incubation experiment with artificial soils (Hemkemeyer et al. 2014). Moreover, Archaea showed slower 
growth rates when compared to bacterial and fungal abundances over the incubation period in this 
experiment. In contrast, bacterial abundances were significantly affected by mineral composition and 
particle size fractions with a positive effect of ferrihydrite under oxic conditions in this incubation 
experiment (Hemkemeyer et al. 2014). This is in line with the findings of manuscript 1 that under oxic 
conditions bacterial abundances were higher in the heavy fraction (HF, containing MOM) comprising a 
higher proportion of soil minerals and MOM. However, under anoxic conditions bacterial abundances 
were lower in the HF fraction indicating an inhibition of bacterial growth that may be induced by an 
energy and substrate limitation. While anoxic conditions generally create energy limiting conditions, SOM 
bound to soil minerals forming mineral-organic associations by adsorption or coprecipitation may 
constrain substrate availability for soil microorganisms (Kaiser & Guggenberger 2007, Heckman et al. 
2013, Kleber et al. 2015). Although SOM in mineral-organic associations may be still partially available 
for soil microorganisms, presumably via desorption, the decomposition might be retarded (Mikutta et al. 
2007, Dippold et al. 2014, Swenson et al. 2015). In contrast to Bacteria, Valentine (2007) hypothesized 
that Archaea are adapted to chronic energetic stress being a feature that ecologically and evolutionary 
distinguish Archaea and Bacteria. Their ability to inhabit extreme environments and a range of 






biochemical mechanisms to adapt to these extreme conditions support this hypothesis. Another example is 
the CO2 fixation pathway of AOA being highly abundant in rather common, non-extreme environments 
that is more energy-efficient than any other aerobic autotrophic pathway (Könneke et al. 2014). AOA 
could oxidize ammonia at extreme low concentrations due to a very efficient C fixation thereby explaining 
their ecological success in nutrient-limited environments.  
Overall, the results of the microcosm incubation experiment provide insights into the factors that 
may cause microbial abundance patterns along the Franz Josef chronosequence. High precipitation 
regularly creates water-saturated conditions with low oxygen availability in these soils. Consequently, the 
rather anoxic conditions and the declining substrate availability due to an increasing influence of the soil 
mineral phase with soil depth and soil age decreases bacterial abundances. Hence, while Bacteria might be 
inhibited, Archaea probably better cope with these mineral-induced nutrient and substrate limitation 
because of their slow growth rates, their rather oligotrophic lifestyle and their hypothesized better 
adaptation to chronic energetic stress resulting in increasing archaeal to bacterial abundance ratios in 
subsoils, especially at the oldest site of the Franz Josef chronosequence. 
 
2.2 Archaeal and bacterial community composition of mineral soils considerably 
changes during long-term ecosystem development (manuscript 1) 
The archaeal and bacterial community composition was analyzed in selected soil samples of 
different horizons along the Franz Josef chronosequence via tag-encoded pyrosequencing. Due to a 
multitude of gradients in soil properties along the chronosequence, e.g. in nutrient (N, P) content and soil 
mineralogy, considerable changes in archaeal and bacterial community composition were hypothesized. 
Surprisingly, our results revealed that archaeal community composition showed a clear shift with soil age, 
whereas bacterial communities were rather stable.  
The archaeal community composition at young to intermediate sites (0.5 and 5 kyr) mainly 
comprised members of the Forest Soil Crenarchaeotal Group (FSCG; Jurgens et al. 1997) and the South 
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African Gold Mine Crenarchaeotal Group 1 (SAGMCG-1; Takai et al. 2001) with 50 – 92% and 0.1 – 
20%, respectively. In later stages (12 and 120 kyr) the community composition changed to a dominance of 
the newly proposed phylum Bathyarchaeota (Meng et al. 2014), formerly known as Miscellaneous 
Crenarchaeotal Group (MCG), with a relative abundance of 46 – 74%. An analysis of the phylogenetic 
affiliation of our bathyarchaeotal sequences showed, that most of them were closely related to the pSL22 
cluster, a sister group of the MCG, that originally derived from a hot spring in Yellowstone National Park 
(Barns et al. 1996). The FSCG, originally derived from boreal forest soils, and the SAGMCG-1 (belong to 
Group 1.1a Thaumarchaeota) including the ammonia oxidizer “Candidatus Nitrosotalea devanaterra” are 
common soil archaeal groups (Jurgens et al. 1997, Bomberg et al. 2011, Lehtovirta-Morley et al. 2011, 
Pester et al. 2012, Chroňáková et al. 2015, Tupinambá et al. 2016). In contrast, members of the 
Bathyarchaeota are widespread and often predominant in marine sediments (Kubo et al. 2012, Breuker et 
al. 2013), while studies that detected them in soils are rare, and if the group was detected the reported 
relative abundance was very low (< 5%) in most soils (Gittel et al. 2014b, Chroňáková et al. 2015, 
Tupinambá et al. 2016). Only in peatland soils and a permafrost soil they were abundant (> 20%) in 
several samples, and in a depth of 23 – 25 cm in the active layer of a permafrost soil up to 73% of the 
operational taxonomic units (OTUs) were affiliated to the Bathyarchaeota corresponding to the high 
abundances in the 120 kyr old soil of the Franz Josef chronosequence (Hawkins et al. 2014, Wei et al. 
2014). 
Unfortunately, there are no cultivated representatives of the FSCG belonging to Group 1.1c 
Thaumarchaeota and of the Bathyarchaeota, therefore little is known about the ecological relevance of 
these groups. While all cultivated representative of the Group 1.1a and 1.1b Thaumarchaeota are capable 
of ammonia oxidation (Pester et al. 2012), there is evidence that members of Group 1.1c Thaumarchaeota 
can grow without oxidizing ammonia but instead their growth was stimulated by the addition of ON 
compounds such as glutamate or casamino acid in microcosms (Weber et al. 2015). Group 1.1c 
Thaumarchaeota were abundant in forest and moorland soils with a preference for lower pH, higher soil 
moisture and higher SOM content when compared to AOA (Oton et al. 2016). Their preference for high 






SOM content suggests a role in SOM decomposition and corresponds to the higher abundances at younger 
to intermediate aged soils as compared to older soils, and additionally all three factors fit with their 
extremely high abundance (93%) in the O horizon of the 5 kyr site. Although, there are several studies 
aiming to reveal the physiological capabilities of the Bathyarchaeota, in particular of the MCG, they 
remain poorly understood, too. So far, the MCG are considered to be mostly heterotrophic anaerobes as 
revealed by carbon isotopic composition analysis and genome reconstruction of sediment MCG archaea 
(Biddle et al. 2006, Lazar et al. 2016). They are highly abundant and active in nutrient-poor and energy-
limited marine subsurface sediments (Biddle et al. 2006, Fry et al. 2008) and results of genome 
reconstruction from single cells and metagenomes provide evidence that MCG archaea are capable of 
protein degradation possessing for example genes for extracellular peptidases and peptide- and amino acid 
transporters (Lloyd et al. 2013, Lazar et al. 2016). These findings fit to the high abundance of the 
Bathyarchaeota in older, P limited soils of the Franz Josef chronosequence coinciding with an increase in 
extracellular aminopeptidase activities and suggest that the Bathyarchaeota may be adapted to the low 
substrate and nutrient-poor conditions by degrading proteins of dead microbial biomass. At the oldest soil 
development stage (120 kyr) microbial biomass represents an important internal carbon and nutrient pool 
because the soil receives only small allochthonous SOM input compared to the soil of other ages (Turner 
et al. 2013; calculated from manuscript 2). 
According to the results of the microcosm incubation experiment, changes in archaeal 
community composition during long-term soil development are associated with the SOM fraction and soil 
age-related soil properties. While SOM fractions (bulk soil vs. HF) differed in the proportion of soil 
minerals as well as substrate availability constrained by substrate-mineral interactions, the factor soil age 
is linked to several gradients such as soil C and nutrient contents as well as soil mineralogy. Since the 
addition of C and P did not significantly affect archaeal community composition, the effect of soil fraction 
and soil age might be related to changes in mineralogical properties. This assumption is in line with 
findings of fertilization studies for grassland soil summarized by Leff et al. (2015) which indicated that the 
archaeal community composition was not significantly altered by P additions. In contrast, different clay 
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minerals resulted in different archaeal community composition in the particle size fraction < 20 µm after a 
18 month incubation period with artificial soil microcosms (Hemkemeyer et al. 2014). Additionally, 
archaeal community composition in tropical soils was best explained by two sets of soil variables: sulfur, 
sodium and ammonium-N, or clay, potassium, ammonium-N and nitrate-N (de Gannes et al. 2015). While 
emphasizing the importance of clay content, this study suggest that ammonium and nitrate content could 
also be responsible for the compositional shift in line with the finding of Leff et al. (2015) that N additions 
had a significant effect. However, Leff et al. (2015) hypothesized that this effect is associated with AOA 
that respond to differences in N pools, thus, these soil properties would be less important for the archaeal 
compositional shift at the Franz Josef chronosequence because the relative proportion of AOA on total 
archaeal abundances decreased at the older sites being very low compared to the younger sites 
(manuscript 3).  
Contrary to the Archaea, bacterial community composition remained rather stable during long-
term soil development and was dominated by Acidobacteria, Chloroflexi, Planctomycetes, and 
Proteobacteria. Acidobacteria and Proteobacteria are common and abundant in different soils, whereas 
Chloroflexi and Planctomycetes were detected in low abundances mostly < 5% (Roesch et al. 2007, Fierer 
et al. 2009, Uroz et al. 2013, Chroňáková et al. 2015, de Gannes et al. 2015). Although soils of the Franz 
Josef chronosequence are characterized by several changes in soil properties during long-term 
development, bacterial communities in mineral soils did not changed considerably, neither on phylum nor 
on genus level, corresponding to stable communities of topsoils older than 5 kyr (Jangid et al. 2013b). 
Similarly, bacterial communities along other long-term chronosequences also remained rather stable as 
reported for the Mendocino chronosequence (uplifted marine terraces, time points T2 and T3), B horizons 
of a dune chronosequence located in Georgia (US) and a dune chronosequence bordering on the Lake 
Michigan (Tarlera et al. 2008, Williams et al. 2013, Uroz et al. 2014). In contrast to drastic changes in 
bacterial community composition during early succession (Nemergut et al. 2007, Zumsteg et al. 2012a, 
Brown & Jumpponen 2014, Mateos-Rivera et al. 2016), the composition seem to remain stable in 
developed and retrogressive stages corresponding to changes in soil pH, that rapidly decreased from 






approximately seven to four during early succession of glacier forelands, but afterwards also remained 
stable (Tscherko et al. 2003; Williams et al. 2013; manuscript 2). The soil pH was one of the best 
predictors for the bacterial community composition and also many other studies in different soils showed 
that pH is one of the most important factors determining bacterial community composition (Fierer et al. 
2009, Rousk et al. 2010, Dini-Andreote et al. 2014, Chroňáková et al. 2015). 
However, principal component analysis (PCA) and variation partitioning showed that bacterial 
community composition was rather linked to soil depth than soil age with slight differences in abundances 
of particular phyla and genera. The PCA revealed that Planctomycetes (Gemmata-affiliated sequences and 
unclassified 41) were highly abundant in the organic horizon fitting to their aerobic, heterotrophic lifestyle 
(Franzmann & Skerman 1984). A relative higher proportion in the organic horizon was observed for 
Actinobacteria (Acidothermus-affiliated sequences) constituting also aerobic heterotrophs that play an 
important role in the decomposition of organic polymers such as chitin (Beier & Bertilsson 2013, Killham 
& Prosser 2015). With increasing soil depth the abundance of the Acidobacteria (unclassified 7) tended to 
increase down to the B horizon in line with previous findings suggesting a rather oligotrophic lifestyle 
(Fierer et al. 2007, Hansel et al. 2008, Eilers et al. 2012, Chroňáková et al. 2015). The effect of soil depth 
on bacterial community composition could be explained by the strong effect of the O2 status in the 
microcosm incubation experiment. Because soils along the Franz Josef chronosequence regularly receive 
high precipitation that results in water-saturated conditions with low oxygen availability and creates a 
steep redox gradient with soil depth.  
In addition to the strong effect of the O2 status, bacterial community composition differed 
significantly between SOM fractions (bulk soil vs. HF) with unique terminal restriction fragments (T-RFs) 
detected in each fraction. Distinct bacterial communities were also reported for the HF and light fraction 
(LF, containing POM) in an incubation experiment with four different fractions (rhizosphere, shoot 
residue, LF, and HF) and it was presumed that the selection for well adapted species may be greater in the 
HF than in the rhizosphere due to distinct habitat characteristics dominated by soil mineral particles and 
stabilized SOM (Blackwood & Paul 2003). Furthermore, there are several incubation studies with artificial 
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soils showing that bacterial community composition was altered by different clay minerals or Fe oxides 
(Babin et al. 2013, Heckman et al. 2013, Vogel et al. 2014, Steinbach et al. 2015). However, while the 
SOM fraction had a significant effect, soil age affected only HhaI-digested bacterial fragments exhibiting 
a rather weak effect. This finding is in line with bacterial community patterns along the Franz Josef 
chronosequence and differences between previous studies and this incubation experiment may originate 
from the use of natural soils with less prominent differences in mineral composition compared to artificial 
soils with pure minerals. 
In summary, our results revealed that archaeal abundances were hardly affected by soil 
mineralogical properties (SOM fraction and soil age), whereas the archaeal community showed a clear 
soil-age related compositional shift towards a Bathyarchaeota predominance indicating that archaeal 
communities may quantitatively predominate subsoils, especially in nutrient-depleted old soils, by better 
coping with mineral-induced substrate limitations and by selection for taxa that are adapted to nutrient-
poor, low energy habitats. In contrast, bacterial communities remained rather stable in their composition 
during long-term soil development, but bacterial abundances relatively decreased with soil depth and age 
due to a negative effect of soil minerals probably by constraining substrate availability. 
 
2.3 Activities of nitrogen-hydrolyzing exoenzymes in soil profiles during 
progressive and retrogressive ecosystem development are not only affected 
by the nutrient gradients, but also by changes in soil mineralogical 
properties (manuscript 2) 
The degradation of complex ON starts with the cleavage of polymers by extracellular enzymes 
into small molecules that could be utilized by soil microorganisms (Geisseler et al. 2010). Potential 
activities of N-hydrolyzing enzymes (alanine-aminopeptidase, leucine-aminopeptidase, protease, and 
urease) and P-hydrolyzing enzyme (phosphatase) decreased sharply with soil depth in soil profiles along 
the Franz Josef chronosequence. The N-hydrolyzing enzyme activities in organic topsoils were maximal at 
intermediate-aged soils (1 – 12 kyr), whereas the phosphatase activity increased with soil age 






corresponding to previous results reported by Allison et al. (2007). Enzyme activities in organic topsoils 
reflect the progressive development, with maximal N-hydrolyzing enzyme activities coinciding with plant 
biomass maximum (Richardson et al. 2004), and retrogressive development phases, with increasing 
phosphatase activity matching the increasing P limitation. Similar to microbial abundances (manuscript 1), 
all extracellular enzyme activities were positively correlated to soil OC, ON, and OP content for soil depth 
profiles indicating the close relationship between activity and substrate pool content.  
While potential enzyme activities on soil mass basis reflect absolute decomposition rates at 
ecosystem level, their normalization to the substrate pool content could provide information on nutrient 
demand of soil microorganisms and substrate availability (Boerner et al. 2005, Sinsabaugh et al. 2008). 
Except for protease, all normalized enzyme activities were strongly negatively correlated to their substrate 
pool content (ON or OP) in organic topsoils indicating a down-regulation if sufficient substrate is 
available probably due to high amounts of litter input. In contrast, in mineral soil horizons the relationship 
between enzyme activity and substrate content was not as strong as for the O horizon and some enzymes 
even showed positive correlations in particular soil horizons. Enzymes and their substrates were affected 
by multiple soil parameters resulting in more complex interactions in mineral soils than in the organic 
layer such as transformation and stabilization processes initiated by the soil mineral phase (Kaiser & 
Guggenberger 2000, Burns et al. 2013). However, both ON-normalized aminopeptidase activities showed 
a negative correlation to soil ON content also in mineral soils and were less related to soil mineralogical 
properties compared to the other enzyme activities suggesting that these aminopeptidases were hardly 
affected by the soil mineral phase. In contrast, OP-normalized phosphatase activity was negatively 
correlated to soil OP content not only in O horizons but also in A and E horizons, whereas there was a 
positive relationship in B and C horizons. As indicated by a decreasing OC:OP ratio with soil depth, soil 
OP may preferentially retained by hydrous Fe and Al oxides in comparison to OC compounds as reported 
for sorption experiments and bacteria-derived extracellular polymeric substances (Kaiser 2001, Mikutta et 
al. 2011, Swenson et al. 2015). As a result soil microorganisms might up-regulate phosphatase activities to 
still meet their nutritional demand for P.  
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The ON-normalized activities of urease and protease showed no significant relationship to soil 
ON content in mineral soils, but instead were negatively correlated to particular soil mineralogical 
properties, e.g. the content of Fe and Al oxides residing in poorly crystalline minerals and metal-humus 
complexes ((Fe+Al)o) or the clay content. Several laboratory studies provide evidence that enzyme 
activities were inhibited by clay-sized minerals or Fe and Al oxides due to adsorption to mineral surfaces 
and/or stabilization of enzymes and their substrates (Gianfreda et al. 1992, Bayan & Eivazi 1999). 
Moreover, Fe and Al oxides are considered to be the main stabilizing agents of SOM in temperate subsoils 
(Kögel-Knabner et al. 2008). Similarly, OP-normalized phosphatase activity was also negatively 
correlated to the (Fe+Al)o content in line with previous results (Bayan & Eivazi 1999, Achat et al. 2012). 
In opposition to these findings, other studies with artificial and natural soils reported that the presence of 
clay or iron oxides could enhance enzyme activities (Bayan & Eivazi 1999, Allison 2006, Shahriari et al. 
2010). This inconsistency in the literature might be related to differences in the experimental conditions 
with the pH being an example for one important factor determining the type and strength of the interaction 
between mineral surfaces and SOM (Quiquampoix et al. 1993, Kedi et al. 2013). 
Profile-based enzyme activities normalized to profile stocks of the corresponding substrate pool 
indicate nutrient limitations in soils down to one meter depth. The ON-normalized profile-based activities 
of N-hydrolyzing enzymes were highest in the youngest soils revealing that belowground communities 
might be also N limited in line with aboveground plant communities (Richardson et al. 2004). This N 
limitation might be more pronounced in subsoils due to small N input as indicated by higher activities 
normalized to microbial biomass carbon (Cmic) compared to topsoils. In contrast, with ongoing ecosystem 
development the OP-normalized phosphatase activity increased with soil age being maximal at the two 
oldest retrogressive development stages revealing an increasing P limitation, thereby also matching 
aboveground P limitation of plant communities (Richardson et al. 2004). However, Cmic-normalized 
phosphatase activities were higher in topsoils than in subsoils suggesting that subsoil communities may be 
adapted to P limited conditions by more efficient P acquisition mechanisms or a down regulation of 
phosphatase activity due to an aggravation of P limitation by strong substrate-mineral interaction as 






indicated by opposite trends of TP stocks vs. stocks of clay and Fed-o. Further, as discussed above, results 
of correlation analysis point to an inhibition of phosphatase activities due to high Fe and Al oxide 
concentrations at the older sites. Interestingly, the profile-based urease activity showed patterns matching 
the N-hydrolyzing enzymes but also those of the phosphatase, i.e. urease activity was maximal in young 
soils (0.06 and 0.5 kyr) and similar high in the two oldest soils (60 and 120 kyr). Compared with the Cmic-
normalized activities there were also similar trends with in tendency higher values in subsoils for younger 
soils and in topsoils for older soils. This suggests that the urease activity not only responds to the N 
limitation in undeveloped soils but also to P limitation during retrogression. In soils a potential source of 
urea, the substrate of the urease, could be the degradation of nucleic acids such as DNA that contain 
phosphate compounds (Hasan 2000). The DNA concentrations in topsoils of the Franz Josef 
chronosequence increased up to 12 kyr and decreased in later stages, whereas the proportion of DNA on 
total OP content increased to ~25% at the oldest site (Turner et al. 2007). Thus, DNA degradation might 
represent an important P source in the older P limited soils releasing urea that stimulates the urease 
activity. 
Overall, the results of enzyme activity measurements indicated that soil microorganisms in soil 
profiles along the Franz Josef chronosequence were adapted to the specific habitat conditions, especially 
in older nutrient-depleted soils. Microbial biomass provides an important N and P source during 
ecosystem retrogression (Turner et al. 2013) because of the small amount of allochthonous SOM when 
compared to progressive development stages. Thus, enzyme activities were up-regulated (i.e. ON-
normalized aminopeptidases and urease as well as OP-normalized phosphatase) to immediately recycle 
nutrients hold in this biomass pool to prevent their loss e.g. by leaching due to high precipitation. 
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2.4 Abundances and community composition of nitrogen cycling 
microorganisms are significantly affected by long-term ecosystem 
development due to the soil nutrient and mineralogical gradients 
(manuscript 3) 
The abundances of soil microorganisms involved in N cycling using different substrate types 
were quantified via qPCR of N functional genes, i.e. the archaeal and bacterial amoA gene for the 
ammonia oxidizers conducting the first step of nitrification, the narG gene for nitrate reducers, and the 
chiA gene for bacterial chitin degraders with chitin representing a complex ON compound common in 
soils. The abundances of ammonia-oxidizing prokaryotes were quantitatively dominated by the Archaea in 
soil depth profiles along the Franz Josef chronosequence, whereas bacterial ammonia oxidizers were only 
detected in the youngest soil (0.06 kyr). Acidic soils (pH < 5.5) were normally dominated by AOA 
(Prosser & Nicol 2012, Stempfhuber et al. 2015) explaining their dominance in most soils along the Franz 
Josef chronosequence (0.5 – 120 kyr) with a pH ranging from 3.8 to 5.6, while the pH of the youngest soil 
ranged from 5.8 to 6.4. However, archaeal amoA gene abundances were low or below detection limits in 
organic topsoils, while they were highest in mineral topsoils and decreased with soil depth. Archaeal 
amoA gene abundances were almost two orders of magnitude lower in the two oldest soils (60 and 120 
kyr) in mineral topsoils, similar to their patterns in subsoil horizons (as discussed below).  
In contrast to archaeal amoA, narG and chiA gene abundances showed highest values in organic 
topsoils increasing during ecosystem progression (0.06 to 12 kyr) and decreasing during retrogression (60 
to 120 kyr). This pattern coincides with patterns of general microbial abundances (manuscript 1) and 
activities of N-hydrolyzing enzymes (manuscript 2, Allison et al. 2007) as well as long-term vegetation 
development (Richardson et al. 2004). Thus, the high amount of SOM input via plant litter at 
intermediate-aged sites seem to stimulate not only microbial abundances and activities in general, but also 
increase abundances of nitrate reducers with the narG gene being widespread among heterotrophs and 
abundances of chitin degraders being important in ON mineralization (Beier & Bertilsson 2013). In line 
with this finding and similar to previous studies about topsoils of glacier forelands, the abundances of 






narG and chiA genes were strongly correlated with soil OC and ON content (Kandeler et al. 2006, Zeng et 
al. 2016). 
To analyze the proportion of N functional gene abundances on total microbial communities, the 
N functional gene copy numbers were normalized to TCC. In topsoils, the TCC-normalized archaeal 
amoA gene abundances were similar to their soil mass counterparts being two orders of magnitude lower 
in the two oldest soils (A horizons), whereas TCC-normalized narG and chiA gene abundances were 
highest at these sites. However, extreme P limitation in older soils causes nutrient-poor conditions that 
should favor Archaea over Bacteria as shown for example by a dominance of AOA in low-ammonium 
habitats compared to AOB (Leininger et al. 2006, Di et al. 2010, Prosser & Nicol 2012). But with regard 
to P, a previous study reported that P addition in P-deficient soils did not affect archaeal amoA gene 
abundances in line with the results of the microcosm incubation experiment using A horizons of the Franz 
Josef chronosequence (Chen et al. 2016, manuscript 4). Similarly, narG gene abundances were not 
affected or even decreased by P addition, whereas chiA gene abundances were increased (Ma et al. 2016, 
manuscript 4). Interestingly, the phosphatase activity per Cmic was highest in topsoils of the 120 kyr site 
indicating an adaptation of topsoil microbial communities to the extreme P limited conditions by being 
able to use efficiently the small amounts of P input via plant litter or recycled from dead microbial 
biomass (Turner et al. 2013, manuscript 2). Therefore, heterotrophic bacteria including narG and chiA 
functional groups might constitute a higher proportion on the total microbial communities in the oldest 
topsoils compared to AOA. 
In subsoils, as already mentioned above, archaeal amoA abundances also decreased in the two 
oldest soils, although AOA are well adapted to low-substrate and low-energy conditions prevailing in 
subsoils, e.g. by coupling ammonia oxidation with an highly energy-efficient CO2-fixation pathway 
(Könneke et al. 2014). With ongoing soil development, subsoils were enriched in clay content and Fe and 
Al oxides providing mineral surfaces that could interact with SOM. While negatively charged surfaces of 
clay minerals could bind the positively charged ammonium or fix it in their interlayers, Fe and Al oxides 
preferentially adsorb OP in comparison to OC compounds (Kaiser 2001, Mikutta et al. 2011, Nieder et al. 
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2011, Swenson et al. 2015). As a result, the already depleted contents of ammonium and OP in old 
subsoils might be additionally constrained in their availability due to the interactions with the soil minerals 
and therefore resulted in decreased AOA abundances. This explanation match with the negative 
relationship between soil clay content and archaeal amoA abundances as well as the positive relationship 
between OP content and archaeal amoA abundances and with findings of the microcosm incubation 
experiment where high contents of clay and Fe and Al oxides coincided with low archaeal amoA 
abundances (manuscript 4). 
Similarly, the narG gene abundances showed a significant soil age effect in subsoils and were 
minimal at the 60 and 120 kyr site, although nitrate is highly mobile in soils and hardly interacts with soil 
minerals. However, due to the low SOM content subsoil microbial communities could be energy-limited 
(Fontaine et al. 2007). Thus, the abundances of nitrate reducers being mostly heterotrophs could be 
decreased by the interaction of soil minerals with the low amount of SOM resulting in constrained 
substrate availability, especially in the old soils of the Franz Josef chronosequence. In line with this 
assumption, total N (TN)-normalized narG gene abundances were positively correlated to soil OC and ON 
content, whereas they were negatively related to soil mineralogical properties such as the content of Fed-o. 
In contrast, the soil mass related and TN-normalized chiA gene abundances remained almost 
constant with ongoing soil development in subsoils. While the soil age affected chiA gene abundances in 
A horizons in line with the results of the microcosm incubation experiment (manuscript 4), in subsoil 
horizons this age effect was less pronounced. Although the increasing content of Fe and Al oxides and 
other clay-sized minerals might constrain the substrate availability of chitin as an ON compound (Pronk et 
al. 2013, Dippold et al. 2014), thus possibly decrease chiA gene abundances, this result suggests that chiA 
genes may originate from inactive chitin-degraders. In soils, active chitin-degrading bacteria are often 
affiliated with the Actinomycetes (Williamson et al. 2000, Beier & Bertilsson 2013) being aerobes and 
spore-formers. Thus, chiA genes detected in subsoils horizons may derive from chitin-degraders of the 
overlaying topsoils horizons that were vertically transported by high precipitation and probably form 
spores or be inactive in subsoils due to the unfavorable conditions. 






By the example of the archaeal amoA gene, patterns of functional community composition 
during long-term ecosystem development were investigated via clone libraries and resulted in five OTUs 
(threshold distance 0.09). Similar to changes in functional AOA community composition during early soil 
development (Hernández et al. 2014, Zeng et al. 2016), archaeal amoA community composition along the 
Franz Josef chronosequence changed from a dominance of OTU1 and OTU2 at the younger sites (0.5 and 
5 kyr), OTU1 and OTU4 at the intermediate-aged site (12 kyr), to OTU1 and OTU3 at the oldest site (120 
kyr). In comparison to the pronounced compositional shift in archaeal community composition based on 
the 16S rRNA gene (manuscript 1), the functional AOA community was similar in younger and older soils 
with OTUs 1, 2, 3, and 5 being affiliated to the Nitrosotalea cluster, while OTU4 was affiliated with the 
Nitrososphaera subcluster 7.2 and was also abundant in the intermediate-aged soil. 
During early soil development across a glacier foreland with constant pH, functional AOA 
communities were linked to soil TN and C content (Zeng et al. 2016). However, a redundancy analysis 
(RDA) with forward selection of soil properties that explained most of the variation in functional AOA 
community composition along the Franz Josef chronosequence resulted in highest values for pH (24.3%, P 
= 0.11), soil age (21.6%, P = 0.08), and ammonium content (23.6%, P = 0.03). In line with this result, 
Tripathi et al. (2015) reported that pH and ammonium content significantly affected AOA community 
composition in temperate biomes. Similarly, in a Scottish soil survey with 71 environmental variables, pH 
and N fertilizer input explained most of AOA community composition variation (Yao et al. 2013). The 
occurrence of members of the Nitrosotalea cluster and Nitrososphaera subcluster is also highly dependent 
on soil pH; while the Nitrosotalea cluster is dominant in some acidic soils, particular Nitrososphaera 
subcluster show preference for specific pH ranges and could be dominant in acidic, acido-neutral, and 
alkaline soils (Gubry-Rangin et al. 2011, Pester et al. 2012, Stempfhuber et al. 2015). 
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2.5 Nitrogen cycling activities and nitrogen functional gene abundances are 
reduced due to an increasing influence of the soil mineral phase in mineral 
soils during long-term soil development (manuscript 4) 
To evaluate the influence of soil properties, that changes along a long-term ecosystem 
development gradient, on microbial N cycling and N functional gene abundances in mineral soils a 
microcosm incubation experiment was conducted. Because most N in mineral soil is associated with 
minerals, it was tested in particular if mineral-associated N is an important bioavailable N source for soil 
microorganisms and what factors (soil age, O2 status, phosphate addition and priming via cellulose 
addition) determine its bioavailability in comparison to bulk soil N. Therefore, soils samples were density 
fractionated with the HF mainly containing the mineral-associated SOM fraction. 
During the 125 d incubation period the inorganic N (Nmin) released upon mineralization of the 
HF was 4 – 23 times higher than the initial Nmin content, indicating that mineral-associated N was the 
main source of bioavailable N for soil microorganisms in the tested A horizons. This finding was 
supported by positive net N mineralization rates and detectable microbial biomass N (Nmic) and N 
functional gene abundances in HF samples, as well as a tendency towards higher N2 production and higher 
nitrate consumption under anoxic conditions in HF samples when compared to bulk soil. While in another 
short 18 h incubation experiment N was hardly incorporated in the HF (Compton & Boone 2002), results 
of a further long-term incubation experiment lasting for 300 d revealed a significant N mineralization in 
the HF (Swanston et al. 2004) in line with the findings of manuscript 4 suggesting that mineral-associated 
N is relevant as long-term N source for soil microorganisms. 
Microbial N cycling activities and N functional gene abundances differed significantly between 
the HF and bulk soil samples. Interestingly, net N mineralization of HF samples was twice as high as in 
bulk samples corresponding to similar results for soil fractions of different forest types (Sollins et al. 
1984). However, Swanston et al. (2004) measured values of net N mineralization for the HF that were half 
as high as for bulk soil. These differences might be explained by differences in the amount of immobilized 
ammonium, thus, while both fraction mineralize a considerable amount of ON, more of the produced 






positively charged ammonium ion was adsorbed to negatively charged clay minerals or fixed into their 
interlayers in HF samples resulting in a lower bioavailability and lower microbial immobilization (Russow 
et al. 2008, Nieder et al. 2011). Thereby, the strength of this stabilizing effect may depend on the 
proportion of the HF in bulk soils as the absolute amount of minerals was higher in the HF incubations 
(since bulk soils still contained the LF). Hence, a varying proportion of the HF on bulk soil might explain 
the different results in net N mineralization with 95 wt% of HF in this experiment compared to 67 – 92 
wt% of Swanston et al. (2004). In addition, Sollins et al. (1984) suggested that LF-SOM could be faster 
mineralized by soil microorganisms resulting in overall higher amounts of microbially immobilized N in 
bulk samples. Both explanations would imply higher respirations rates in bulk soils than in HF that is true 
for most of this incubation samples (manuscript 4). 
One of the most important controls on microbial N cycling of mineral-associated N was the soil 
age in this incubation experiment. To account for soil age-related effects that were not connected to 
differences in initial C and N content, all measured, numerical parameters were normalized to initial soil C 
or N content. Therefore, differences between soil ages were most likely caused by the mineralogical or P 
gradient developing during soil pedogenesis. However, the influence of P was additionally tested by a P 
addition treatment and discussed below. The chosen A horizons (0.5, 5, 12, and 120 kyr) were 
characterized by an opposite trend in soil mineralogy when compared to mineral soil stocks up to one 
meter soil depth along the Franz Josef chronosequence. Young A horizon soils (0.5 and 5 kyr) possessed a 
higher content of clay and secondary Fe and Al phases, thus, could stabilize ON and ammonium more 
efficiently. In accordance with this,  lower net N mineralization rates and lower archaeal amoA and chiA 
gene copy numbers in the younger soils (0.5 and 5 kyr) as compared to the older soils (12 and 120 kyr) 
suggested a decreased bioavailability of  N resulting in an inhibition of microbial N cycling and related 
abundances due to the soil mineral phase. Correspondingly, a sorption experiment with alanine and 
different clay minerals and Fe oxides revealed that the bioavailability of sorbed alanine was lowest for the 
Fe oxides (Dippold et al. 2014). Moreover, N-containing compounds, such as proteins, were preferentially 
accumulated in stabilized SOM due to an interaction with metal oxides, especially at pH < 7 (Knicker 
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2011, Pronk et al. 2013). In contrast, net nitrification and narG gene copy numbers, both linked to nitrate 
transformation processes, were hardly affected by soil age. While ammonium ions could be constrained by 
interaction with soil mineral surfaces, nitrate as a negatively charged ion is even in the presence of soil 
minerals highly bioavailable (Heckman et al. 2013). Consequently, nitrate dependent processes and related 
gene abundances were hardly impacted by the soil mineral phase. 
The microbial utilization of mineral-associated N was primarily controlled by the O2 status. 
Most measured N cycling activities and N functional gene abundances as well as respiration rates and 
microbial biomass were many times higher (lower for N2 and N2O production) under oxic than under 
anoxic conditions. In general, the redox regime acts as a master control on microbial N transformation 
pathways by specifically inhibiting or stimulating aerobic or anaerobic processes (Pett-Ridge et al. 2006). 
Although, the O2 status had a similar effect on microbial N cycling activities in bulk soil and the HF, the 
effect size was greater for the HF, especially for net N mineralization (and net nitrification). Additionally, 
for HF samples the effect of soil age was greater under anoxic conditions. These observations indicate that 
under anoxic conditions, where energy is limited for microorganisms, the influence of soil mineralogical 
properties on net N mineralization is more pronounced, because in general the utilization of mineral-
associated N might be linked to energy allocation. Examples for energy-depend processes are the 
production of organic or inorganic acids resulting in mineral dissolution and release of SOM or the 
production of highly sorptive metabolites serving as substitutes (Uroz et al. 2011, Swenson et al. 2015). 
However, this does not apply for nitrate-consuming activities and related functional abundances as 
reflected by higher N2 production and narG gene copy numbers under anoxic conditions in the HF as 
compared to bulk soil. Overall, the substrate type and characteristics (ON, ammonium or nitrate) 
determines how bioavailable the substrate is for soil microorganisms with the O2 status being an important 
switch that controls the N pathway type and thus the preferred substrate type. 
Contrary to expectations, N2O production could only be detected in bulk samples under anoxic 
conditions. Because of the low initial soil nitrate concentration low N2O production rates could be 
expected in general with lower values for bulk soils due to a higher C availability (reflected by higher 






respiration rates) that would favor the complete reduction pathway towards N2 (Senbayram et al. 2012). 
The differences between expected and measured results may be connected to the community composition 
of nitrate reducers. Likewise, soil-age related differences in N2O production rates with higher values at 5 
and 120 kyr may be related to differences in microbial community composition corresponding to the 
findings of the community fingerprinting via T-RFLP that showed a pronounced age effect for archaeal 
communities and a weak age effect for bacterial communities. In line with this assumption Wallenstein et 
al. (2006) and reference therein reported that different soils with contrasting N2O to N2 ratios possessed 
different denitrifier communities. Furthermore, there is evidence that the soil AOA Nitrososphaera 
viennensis is capable to produce N2O via co-denitrification under oxygen-depleted conditions 
corresponding to archaeal amoA genes detected also under anoxic conditions in the incubation samples 
(Spott et al. 2011). 
The effect of P addition was minor when compared to O2 status and soil age, nevertheless, net N 
mineralization was significantly enhanced in HF samples of older, P limited soils, especially under oxic 
conditions. Previous studies showed that OP and TP were preferentially adsorbed by Fe and Al oxides 
most likely decreasing their bioavailability (Heckman et al. 2013, Swenson et al. 2015). Consequently, in 
the already P-depleted, older soils of the Franz Josef chronosequence P availability is aggravated by 
mineral interactions and, thus, P addition may mitigate P limitation in mineral-enriched HF samples 
thereby stimulating net N mineralization activity, whereas bulk samples were not influenced by P 
addition. Consistently, net N mineralization rates in soils of a pot experiment and in a field fertilization 
study were also stimulated by P addition (Falkiner et al. 1993; calculated from Baral et al. 2014). 
Previous studies indicated that the decomposition of subsoil SOM, mainly composed of MOM, 
could be stimulated by the addition of an easily available C source such as cellulose; this effect is termed 
“priming effect” (Fontaine et al. 2007, Wild et al. 2014). Therefore, the influence of 
13
C-labeled cellulose 
on microbial cycling in the HF was tested by differentiating between cellulose- and SOM-derived CO2 
production. In general, mineralization of mineral-associated SOM showed a tendency to be positively 
primed under oxic conditions reflected by higher SOM-derived CO2 production in C treatments as 
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compared to the treatment without any additions. However, net N mineralization was lower in C 
treatments probably due to higher microbial N immobilization (Vinten et al. 2002). Similarly, Colman & 
Schimel (2013) confirmed in a study with 84 mineral soils under different vegetation types, that C content 
was one of the most important drivers of net N mineralization with a negative relationship. Overall, while 
C cycling was stimulated by the cellulose amendment, the utilization of mineral-associated N was rather 
inhibited under oxic conditions pointing to a shift from N to a more pronounced C cycling including N 
immobilization (Colman & Schimel 2013). Thus, N cycling related processes may be inhibited by 
cellulose addition providing an easy-degradable C-rich, but N free substrate. 
In summary, results of the microcosm incubation experiment revealed that the soil mineral phase 
could considerably reduce microbial N cycling activities and related functional abundances probably by 
constraining substrate availability due to SOM-mineral interactions. Nevertheless, mineral-associated N 
provides an important and bioavailable N source for soil microorganisms in mineral soils. 
 
2.6 Conclusion 
This thesis provided for the first time insights into microbial dynamics during long-term 
ecosystem development in whole soil profiles. The results revealed that microbial abundances and 
communities are not only changing during early ecosystem and soil development, but also during long-
term development including retrogression with an increasing quantitative relevance of Archaea in 
subsoils, particularly in older P limited soils, and a pronounced compositional shift of archaeal community 
composition compared to rather stable bacterial communities. While archaeal abundances were hardly 
affected by soil age-related changes in mineralogical properties or nutrient contents, the shift in archaeal 
community composition was most likely linked to the mineralogical gradient along the soil 
chronosequence. Thus, archaeal communities might better cope with nutrient-poor, low-energy conditions 
combined with mineral-induced substrate limitation in subsoils and old soils due to a selection for taxa 
being adapted to these conditions such as for example the Bathyarchaeota. 






Similarly, activities and abundances of N cycling microbial communities change significantly 
with ecosystem progression and retrogression in top- and subsoils. Most N cycling related abundances and 
activities were maximal at intermediate-aged sites (1 – 12 kyr) in topsoils, but decreased at older sites (60 
– 120 kyr) in top- and subsoils. Further, there was strong evidence that microbial N cycling is not only 
affected by substrate content, but could be also decreased by the increasing content of Fe and Al oxides 
and other clay-sized minerals during soil development. Although (O)N is predominantly associated with 
soil minerals, particularly in subsoil, it is still available for microbial utilization, however, with the 
availability being linked to substrate type and soil mineralogy. 
Overall, this thesis indicates that the ecosystem and soil development stage linked to different 
soil characteristics have a significant impact on microbial communities and microbial N cycling thereby 
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Along a long-term ecosystem development gradient, soil nutrient contents and
mineralogical properties change, therefore probably altering soil microbial communities.
However, knowledge about the dynamics of soil microbial communities during long-
term ecosystem development including progressive and retrogressive stages is limited,
especially in mineral soils. Therefore, microbial abundances (quantitative PCR) and
community composition (pyrosequencing) as well as their controlling soil properties
were investigated in soil depth profiles along the 120,000 years old Franz Josef
chronosequence (New Zealand). Additionally, in a microcosm incubation experiment
the effects of particular soil properties, i.e., soil age, soil organic matter fraction
(mineral-associated vs. particulate), O2 status, and carbon and phosphorus additions,
on microbial abundances (quantitative PCR) and community patterns (T-RFLP) were
analyzed. The archaeal to bacterial abundance ratio not only increased with soil depth
but also with soil age along the chronosequence, coinciding with mineralogical changes
and increasing phosphorus limitation. Results of the incubation experiment indicated
that archaeal abundances were less impacted by the tested soil parameters compared
to Bacteria suggesting that Archaea may better cope with mineral-induced substrate
restrictions in subsoils and older soils. Instead, archaeal communities showed a soil
age-related compositional shift with the Bathyarchaeota, that were frequently detected
in nutrient-poor, low-energy environments, being dominant at the oldest site. However,
bacterial communities remained stable with ongoing soil development. In contrast to
the abundances, the archaeal compositional shift was associated with the mineralogical
gradient. Our study revealed, that archaeal and bacterial communities in whole soil
profiles are differently affected by long-term soil development with archaeal communities
probably being better adapted to subsoil conditions, especially in nutrient-depleted old
soils.
Keywords: Archaea, Bacteria, Bathyarchaeota, chronosequence, soil depth, subsoil, pyrosequencing, qPCR
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INTRODUCTION
Soil microbial communities mediate key processes in soil
ecosystem functioning including organic matter (OM)
degradation, nutrient cycling, and mineral weathering.
During the early stage of pedogenesis heterotrophic and
phototrophic pioneer microorganisms are responsible for
biological weathering of the bedrock material and create
interfaces for OM and nutrient turnover, e.g., in biofilms
(Tscherko et al., 2003; Nemergut et al., 2007; Schulz et al., 2013;
Haynes, 2014). Thereby they provide favorable conditions for
the colonization by plants (Schulz et al., 2013). With ongoing
soil development and ecosystem progression, an increasing plant
biomass causes an accumulation of OM that is accompanied
by an increase in microbial cell numbers, biomass and activity
of heterotrophic microorganisms (Richardson et al., 2004;
Brankatschk et al., 2011; Turner et al., 2014). The archaeal
community composition showed a shift during the first 110-
years of soil development at a receding Swiss glacier (Zumsteg
et al., 2012) and Nicol et al. (2005) reported changes within the
phylum Crenarchaeota during 9500 years of succession for an
Austrian glacier foreland. Similarly, many studies reported that
the bacterial community composition considerably changed
during progression with highest bacterial species turnover rates
during the first years (Nemergut et al., 2007; Schütte et al., 2009;
Wu et al., 2012; Zumsteg et al., 2012; Jangid et al., 2013a,b).
A soil chronosequence, i.e., soils of different ages that derived
from the same parent material under similar climatic conditions,
provides the unique opportunity for investigating microbial
patterns with regard to soil development (Stevens and Walker,
1970). While microbial function and community composition
dynamics during the development of young to intermediate-
aged soils are already well investigated (Tscherko et al., 2003;
Brankatschk et al., 2011; Zumsteg et al., 2012; Schulz et al.,
2013), the knowledge about long-term dynamics is limited. There
are a few studies analyzing bacterial communities of topsoils
over several thousand years of ecosystem development including
not only progressive but also retrogressive stages. Retrogression
occurs after thousands to millions years when the ecosystem
undergoes a decline in nutrient availability, productivity, and
plant biomass (Peltzer et al., 2010). The diversity of bacterial
communities decreased during retrogression coinciding with a
depletion of soil phosphorus (P) (Jangid et al., 2013a,b; Uroz et al.,
2014). However, there is a lack of information about archaeal
community composition dynamics during retrogression.
Soil chronosequences are also an excellent tool to identify the
environmental parameters that shape the microbial community
composition during soil development. Most studies found
distinct bacterial communities along the soil development
gradient that were linked to changes in soil pH, carbon (C), and
nutrient concentrations such as nitrogen (N) and P, or the C:N
ratio (Zumsteg et al., 2012; Jangid et al., 2013a; Uroz et al., 2014;
Freedman and Zak, 2015). In contrast, archaeal communities
seem to be related to plant cover and N content (Zumsteg et al.,
2012).
While most of these studies focus on topsoil communities it
is still poorly understood how subsoil communities develop with
ongoing soil age and which parameters are important in shaping
these communities. Subsoils considerably differ in environmental
conditions compared to topsoils, e.g., the concentrations of C
and nutrients steeply decrease with soil depth (Hansel et al.,
2008; Turner et al., 2014; Stone et al., 2015). Accordingly,
subsoils harbor distinct microbial communities adapted to these
energy and substrate limited conditions (Blume et al., 2002;
Fierer et al., 2003; Hansel et al., 2008; Hartmann et al., 2009).
Furthermore, the content of iron (Fe) and aluminum (Al)
(hydr)oxides and clay minerals increase not only with increasing
soil depth, but also most notably with increasing soil age (Tarlera
et al., 2008; Mikutta et al., 2009; Turner et al., 2014). Tarlera
et al. (2008) investigated bacterial communities of subsoil B
horizons along a 77,000-years dune chronosequence and found
a strong relationship between community structure and soil
age, but did not further analyze the relationship to specific
soil properties. Sorption of OM and nutrients such as P to
reactive minerals may restrict substrate availability, particularly
in subsoil environments, thus intensifying substrate limitation
and potentially facilitate microbial communities adapted to these
conditions. Further, the presence of particulate OM entering the
topsoil as aboveground litter or roots may also induce differences
in microbial community composition in comparison to subsoil,
which are dominated by OM associated with minerals (Mikutta
et al., 2009; Kleber et al., 2015).
Therefore, the main research questions of this study were
(i) how microbial abundances and community composition
develop in whole soil profiles along a long-term soil development
gradient, and (ii) how microbial communities are shaped by soil
properties during soil development with special consideration
of microbial communities in mineral soils. To address these
questions we investigated microbial abundances via quantitative
PCR (qPCR) and community patterns via pyrosequencing of
archaeal and bacterial 16S rRNA genes in soils along the 120,000
(120 kyr) years old Franz Josef chronosequence, New Zealand.
The Franz Josef chronosequence gives the valuable opportunity
to study patterns of long-term ecosystem development and is
already well investigated in terms of vegetation and topsoil
bacterial communities (Richardson et al., 2004; Jangid et al.,
2013b), thus, providing background information for data
interpretation. In addition, this soil chronosequence formed a
C and nutrient gradient with highest C and N contents at the
intermediate-aged sites and a sharp decline in total P content
with ongoing soil development (Richardson et al., 2004; Turner
et al., 2014). Further, the chronosequence is characterized by a
mineralogical gradient that is characterized by an increase in
Fe and Al (hydr)oxides and clay-sized minerals with soil age
(Turner et al., 2014). High precipitation creates regularly water-
saturated conditions in the soils of the chronosequence resulting
in low oxygen availability and changes in the redox regime.
Due to the complexity of environmental gradients (C, nutrients
and soil mineralogy) along the Franz Josef chronosequence we
additionally conducted a microcosm incubation experiment to
disentangle the effects of the different soil properties onmicrobial
communities. Therefore, we investigated microbial abundances
via qPCR and microbial community patterns via T-RFLP and
compared these between the different experimental incubation
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treatments, i.e., soil age, soil OM fraction (mineral-associated
vs. particulate), O2 status, and C and P additions, covering
the most relevant soil parameters that changes along the soil
chronosequence.
MATERIALS AND METHODS
Site Description and Soil Sampling
Soils of the Franz Josef chronosequence (⇠43◦S, 170◦E) have
developed due to glacier advance and retreat from greywacke and
mica schist and are located on theWest Coast of the South Island
of New Zealand (Almond et al., 2001). The area is characterized
by humid temperate climate with high mean annual precipitation
(3500–6500 mm) and is covered by rainforest (Richardson et al.,
2004).
Seven sites ranging from 0.06 to 120 kyr were sampled in
January 2012 (Supplementary Figure S1; Stevens, 1968; Almond
et al., 2001). At each site, three soil profiles (replicates) up to
one meter depth were excavated and each horizon was sampled.
Details of site characteristics and soil properties are given in
Turner et al. (2014). Soil profiles contain organic topsoil (O
horizon), mineral topsoil (A horizon), and subsoils with an
eluvial horizon (E horizon), mineral subsoil (B horizon), and
the parent material for soil genesis (C horizon); the respective
horizons per site are shown in Figure 1. For molecular analyses,
soil samples were taken with a sterile lab spoon, frozen and
stored at −20◦C until analysis. For the microcosm incubation
experiment, A horizons of four selected sites (0.5, 5, 12, and
120 kyr) were sampled in February 2014. Soil samples were kept
at <8◦C prior to incubation.
Nucleic Acid Extraction and
Quantification of Small Subunit (SSU)
rRNA Genes
Nucleic acids of all soil samples were extracted in triplicate (or
in duplicate for the microcosm incubation experiment) using the
FastDNA R© Spin Kit for Soil (MP Biomedicals, Santa Ana, CA,
United States) with modifications according to Webster et al.
(2003) and DNA extracts were pooled.
Quantification of small subunit (SSU) rRNA genes of Archaea,
Bacteria, Fungi, and Eukarya were performed by qPCR for all
soil samples derived from the sampling in 2012. For the qPCR
a StepOnePlusTM Real-Time PCR System (Applied Biosystems,
Life Technologies, Carlsbad, CA, United States) was used with
either TaqMan R©(Bacteria according to Nadkarni et al., 2002 and
Eukarya) or SYBR R© Green I chemistry (all others). All qPCRs
contained 5 µL mastermix, 1 µL BSA (3 g L−1; Sigma–Aldrich,
St. Louis, MO, United States), primers (Table 1), 1 µL DNA
template and filled to the final volume of 10 µL with dH2O. As
mastermixes we used Platinum SYBR Green qPCR SuperMix-
UDG with ROX (Life Technologies, Carlsbad, CA, United States)
FIGURE 1 | Abundances of SSU rRNA gene copies in different soil horizons (O, OA, A, AO, AE, E, EA, B, C, CA) from depth profiles of 0.06, 0.5, 1, 5,
12, 60, and 120 kyr old soils along the Franz Josef chronosequence. (A) Archaea and Bacteria 16S (assay Nadkarni et al., 2002), and (B) Fungi and Eukarya
18S rRNA gene copy numbers per gram soil dry weight (dw). Error bars indicate standard deviation of three parallel soil profiles. (C) Ratio of archaeal to bacterial,
and fungal to bacterial SSU rRNA gene copy numbers.
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TABLE 1 | Primers and conditions for qPCR assays.
Primer Sequences (50 – 30) & qPCR conditions Primer concentration
(µM)
Efficiency (%) Reference
Archaeal 16S rRNA gene
Arch915F
Arch1059R
AGG AAT TGG CGG GGG AGC AC
GCC ATG CAC CWC CTC T
95◦C-5 min;
40⇥: 95◦C-15 s, 60◦C-45 s;
95◦C-45 s
0.4 94.2–96.9 Kubo et al., 2012






TCC TAC GGG AGG CAG CAG T
GGA CTA CCA GGG TAT CTA ATC CTG TT
FAM-CGT ATT ACC GCG GCT GCT GGC
AC-TAMRA
50◦C-2 min, 95◦C-10 min;
40⇥: 95◦C-15 s, 60◦C-1 min
GTG ITG CAI GGI IGT CGT CA
ACG TCI TCC ICI CCT TCC TC
95◦C-7 min;






Nadkarni et al., 2002
Gray et al., 2011
Fungal SSU 18S rRNA gene
nu-SSU-0817-F
nu-SSU-1196-R
TTA GCA TGG AAT AAT RRA ATA GGA
TCT GGA CCT GGT GAG TTT CC
95◦C-10 min;
40⇥: 95◦C-1 min, 56◦C-1 min, 72◦C-1 min;
95◦C-1 min
0.5 94.5–97.8 Borneman and Hartin, 2000
Eukaryotic 18S rRNA gene
VIC Probe and primers by Applied Biosystems
50◦C-2 min, 95◦C-10 min;
40⇥: 95◦C-15 s, 60◦C-1 min
0.05 90.3–93.9 Applied Biosystems, 2002
for Archaea and Bacteria (Gray et al., 2011), PerfeCTa qPCR
ToughMix ROX (Quanta Biosciences, Gaithersburg, MD, United
States) for Bacteria (Nadkarni et al., 2002) and Eukarya, and
FastStart Universal SYBRGreenMaster (ROX) (Roche, Rotkreuz,
Switzerland) for Fungi. Standards were made from purified
PCR product obtained from whole genome extracted from
pure cultures:Methanosarcina barkeri (Archaea), Escherichia coli
(Bacteria – Nadkarni et al., 2002), Pseudomonas stutzeri (Bacteria
– Gray et al., 2011), and Fusarium oxysporum (Fungi). For
the Eukarya assay we used fish sperm DNA as standard. For
SYBR R© Green I assays the product specificity was confirmed by
melt curve analysis and the product size was verified by agarose
gel electrophoresis. Template DNA was used in three dilutions
to check for inhibition by co-extracted PCR inhibitors. Standard
DNA, template DNA, and non-template control were run in three
replicates. Abundances were reported in SSU rRNA gene copy
numbers per gram dry weight of soil. Gene copy numbers of
the incubation experiment were normalized to initial soil fraction
organic C (OC) content (Supplementary Table S1) to account for
the variability of the OC content in initial soil samples allowing a
comparison of incubation experiment derived differences.
Tag-Encoded Pyrosequencing of
Archaeal and Bacterial 16S rRNA Genes
Archaeal and bacterial 16S rRNA genes of selected soil samples
(sampling in 2012; Supplementary Figure S2) were amplified
with the tag-encoded primer pairs Arch344f/Arch915r (Stahl
and Amann, 1991; Sørensen et al., 2004) for Archaea and
Bac341f/Bac785r (Herlemann et al., 2011) for Bacteria. All PCRs
were performed using a total volume of 50 µL containing
5 µL of 10⇥ polymerase buffer, 10 µL dNTPs (each 1 mM;
Fermentas, Thermo Fisher Scientific, Waltham, MA, United
States), 3 µL bovine serum albumin (3 g L−1), 2.5 µL of
each primer (10 µM), 0.5 µL 1.25 U polymerase (Pfu DNA
Polymerase, Promega, Madison, WI, United States), 24.5 µL
dH2Oand 2µL template DNA. Touch-down PCRwas performed
with the following conditions: 95◦C for 1.5 min, 10 touch-down
cycles of 95◦C for 1 min, 62◦C (Archaea) and 65◦C (Bacteria)
for 30 s (decreasing by 1◦C in each cycle), 72◦C for 2 min,
and 25 cycles of 95◦C for 1 min, 52◦C (Archaea) and 55◦C
(Bacteria) for 30 s, 72◦C for 2 min, followed by 72◦C for 5 min.
The PCR products were checked for correct fragment size using
agarose gel electrophoresis, cleaned up with the QIAquick PCR
Purification Kit (QIAGEN, Hilden, Germany), and pooled in
equimolar amounts. Adaptor ligation and sequencing of archaeal
and bacterial amplicons were conducted by GATC Biotech
(Konstanz, Germany) with the GS FLX System (Roche, Basel,
Switzerland).
Sequences were sorted according to primers and tags,
denoised according to Quince et al. (2009) and trimmed with
mothur 1.29 (Schloss et al., 2009). Briefly, sequences with ≥1
mismatch to primer or tag sequence, ≥1 ambiguity or ≥8
homopolymers were removed. Tags were removed and sequences




Turner et al. Microbial Communities along Soil Chronosequence
were aligned with SINA 1.2.11 (Pruesse et al., 2012). Chimeric
sequences were identified using the UCHIME algorithm (Edgar
et al., 2011) implemented in the mothur program package and
removed. Remaining sequences were clustered to operational
taxonomic units (OTUs) at 97% sequence identity level and
Bacteria were classified with SILVA database release 115 (Quast
et al., 2013). Richness estimator (Chao1) and Shannon diversity
index were calculated for archaeal and bacterial OTUs using
mothur.
The phylogenetic 16S rRNA gene trees for the phyla
Bathyarchaeota, Woesearchaeota, Thaumarchaeota and
Euryarchaeota were calculated with ARB (Ludwig et al.,
2004) using the neighbor-joining method based on Jukes–Cantor
distances. Therefore, 16S rRNA gene sequences were aligned
with SINA (Pruesse et al., 2012).
Soil Microcosm Incubation Experiment
To evaluate the effect of specific soil characteristics (O2 status,
soil fraction, soil age, C, and P addition) onmicrobial abundances
and community composition we set up a microcosm incubation
experiment with soils of the Franz Josef chronosequence
(Supplementary Figure S3; Turner et al., 2017). Therefore, we
used different soil fractions (bulk soil, mineral-associated OM,
and particulate OM) of A horizons of four soil ages (0.5,
5, 12, and 120 kyr). For soil density fractionation, 25 g of
soil were dispersed in 125 mL sodium polytungstate solution
(ρ = 1.6 g cm−3; Cerli et al., 2012) and sonicated for 9 min
38 s with 60 J mL−1 with an ultrasonic device (LABSONIC R©,
Sartorius Stedim Biotech GmbH, Göttingen, Germany). The
lighter, particulate OM fraction (light fraction, LF) was separated
from the heavy mineral-associated OM fraction (heavy fraction,
HF) by decantation after deposition for 1 h and centrifugation
for 10 min at 3500 g. To minimize possible negative effects
of the sodium polytungstate on microbial activities (Blackwood
and Paul, 2003; Crow et al., 2007), both fractions were
washed with deionized water until the electrical conductivity
was less than 50 µS cm−1, and freeze dried resulting in
approximately 95 wt% of HF and 2 wt% of LF. For initial
OC and total N concentrations see Supplementary Table S1.
Toxic effects caused by tungsten residues in the fractionated
samples could be ruled out because of similar mineralization
rates of bulk soil compared to density fractions (Gentsch et al.,
2015).
For each microcosm, 10 g (bulk or HF) or 1 g (LF) dried soil
fraction sample were filled up to 20 g with sterile quartz powder
(<125 µm, Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
into 125 mL serum vials. To evaluate the influence of C and P
additions we tested different treatments in bulk soil and the HF:
without any addition (wo), with NaH2PO4 (P; 500 µg PO4-P g
−1
soil fraction), cellulose (C; 40 mg cellulose-C g−1 soil fraction C)
or the addition of both (CP). The C and P treatments were not
tested for the LF because we focused on the comparison between
bulk soil vs. the HF and further had only very little amounts of LF
material. Controls consisted of 20 g quartz powder only.
To further countervail the possible negative effect of the
fractionation procedure on microbial activity, we inoculated each
incubation sample with 3 mL of a soil slurry with an active,
indigenous microbial community. Soil slurries consisted of fresh,
wet soil of the corresponding sampling site (0.5, 5, 12, and
120 kyr) suspended in sterile Hoagland solution (without a P or
N source, soil weight to volume ratio = 1:10). Samples were then
adjusted to 60%water-holding capacity with sterile distilled water
and carefully homogenized with a spatula. Replicate samples were
incubated under oxic and anoxic conditions to analyze the effect
of O2 status. For oxic incubation, serum vials were closed with
polyethylene wool to allow gas exchange. Anoxic vials were fitted
with septa and flushed repeatedly with helium. All samples were
pre-incubated at 15◦C for 10 days for equilibration and afterward
the cellulose was added and the main-incubation started. For
maintaining high humidity in oxic vials, a tray of water was
placed into the incubator and the water content was checked
every few days and, if necessary, readjusted. The loss of water in
anoxic vials was negligible during incubation. All combinations
of the tested factors (O2 status, soil fraction, soil age, and C
and P addition) were prepared in triplicate resulting together
with the controls in 222 incubation samples. After 125 days of
incubation, all vials were sampled destructively for end-point
molecular analyses including qPCR (assays for Archaea, Bacteria
and Fungi as described above) and terminal restriction fragment
length polymorphism (T-RFLP). Samples were frozen and stored
at −20◦C until analysis.
Community Profiling of Incubation
Samples via T-RFLP
Archaeal and bacterial community composition of incubation
samples were analyzed via T-RFLP rather than pyrosequencing
because for the incubation experiment the focus was on
community patterns and a lowermicrobial diversity was expected
than in the original soil samples. For amplification, DNA extracts
were purified and concentrated with PowerClean R© Pro DNA
Clean-Up Kit (MO BIO Laboratories, Carlsbad, CA, United
States). Archaeal 16S rRNA genes were amplified with primer
pair Cy5-labeled 20F (Massana et al., 1997) and 915R (Stahl
and Amann, 1991) and bacterial 16S rRNA genes with primer
pair Cy5-labeled 8F (Frank et al., 2007) and 907R (Muyzer
et al., 1995). The 25 µL PCR reaction volume contained
5 µL OneTaq R© Standard Reaction Buffer (New England Biolabs,
Ipswich, MA, United States), 5 µL dNTPs (each 1 mM;
Fermentas, Thermo Fisher Scientific, Waltham, MA, United
States), 1.5 µL BSA (3 g L−1), 0.6 µL (Archaea) or 0.4 µL
(Bacteria) of each primer (10 µM), 0.125 µL OneTaq R© Hot Start
DNA Polymerase (5 U µL−1), 1–2.5 µL sample DNA and was
filled up with dH2O. The thermal cycling protocol was 95
◦C
for 5 min, 30 cycles of 95◦C for 30 s, 57◦C (Archaea) or 52◦C
(Bacteria) for 30 s, 68◦C for 1 min 10 s and the final extension
at 68◦C for 10 min on a Biometra TProfessional Thermocycler
(Analytik Jena AG, Jena, D). The PCR products length was
checked on an agarose gel and digested with HaeIII and RsaI
for Archaea or HaeIII and HhaI for Bacteria (all restriction
enzymes were purchased from Thermo Scientific, Carlsbad,
MA, United States) for 2 h at 37◦C. Restriction fragments (T-
RFs) were analyzed on a capillary sequencer (Beckman Coulter,
GenomeLabTM GeXP, CEQ8000, Fullerton, CA, United States).
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The T-RFLP data was noise filtered and aligned via T-REX
(Culman et al., 2009).
For data analysis, T-RFs with a fragment size <65 or >600 bp
were discarded. Relative abundances of T-RFs were calculated
based on peak areas and only T-RFs with a relative abundance
of ≥3% in all samples were included in further analysis.
Data Analysis and Statistics
Soil properties of the Franz Josef chronosequence were analyzed
by Turner et al. (2014) on the same samples and were used for
statistical analysis (Supplementary Table S2). Gene copy numbers
of the chronosequence samples were determined for every soil
horizon and for the figures mean values were calculated for
each horizon cluster (O, A, E, B, and C; n = 28). For statistical
analysis we used all individual data points (n = 101). To explore
the relationship between soil properties and SSU rRNA gene
copy numbers we calculated spearman rank order correlation
coefficients with R (version 3.2.3; R Core Team, 2015).
The effects of soil age, horizon, age × horizon interaction and
depth within a horizon on SSU rRNA gene copy numbers were
analyzed as fixed effects in a linear mixed effects model (‘lmer’
function of the ‘lme4’ package; Bates et al., 2015). Therefore,
SSU rRNA gene copy number data were log-transformed because
they ranged across several orders of magnitude, were right-
skewed and showed increasing variance with increasing means.
The variance between individual profiles was included as random
effect to account for repeated measures within the same profile.
The inspection of initial model residuals revealed that variances
differed between topsoil (O, A) and subsoil (E, B, C) horizon
clusters despite log-transformation. Thus, separate models were
fitted to topsoil and subsoil data subsets. The main effects and
interaction were tested in ANOVA following the model fit, all
pairwise comparisons (Tukey-Test) of soil age groups within
horizon clusters were performed based on least square means,
after centering depth at each age × horizon clusters’ mean depth
(package ‘lsmeans,’ Lenth, 2015).
Multivariate statistics for pyrosequencing community data
was performed with Canoco 5 (v5.02; ter Braak and Šmilauer,
2012) on relative proportions of archaeal groups and bacterial
genera. To illustrate differences in microbial communities
between the samples, we conducted a principal component
analysis (PCA) and used the parameters soil age and soil depth as
supplementary variables. To assess the conditional (unique) effect
of soil age and soil depth on microbial community composition
we used variation partitioning and Monte Carlo permutation
test (99,999 permutations). Redundancy analysis (RDA) with
interactive forward selection and Monte Carlo permutation test
(99,999 permutations) was used to identify the effect of soil
properties that explained a significant proportion of variation in
the microbial community composition. All tests were considered
as significant at P < 0.05.
For the incubation experiment data set (bulk vs. HF samples),
the main effects of O2 status, soil fraction, soil age, P and C
addition on SSU rRNA gene copy numbers were determined by a
five-way ANOVA including their interactions with R. Therefore,
the measured parameters and residuals were checked for normal-
distribution and log-transformed if necessary. Since we got
significant results for almost all five factors for several parameters,
we used a random effect model including the five factors and
their two-way interactions to estimate the variance components
using the ‘lmer’ function of the ‘lme4’ package (Bates et al., 2015)
for determining the relative importance of each factor. Because
in this relatively simple model the O2 status appeared to be
the most important factor for the variation in most microbial
abundance patterns, we also used variance component estimation
in a more complex random effect model including the remaining
four factors and their four-way interactions for the oxic and
anoxic data subset.
To explore how the tested factors affect the archaeal and
bacterial community composition in the incubation experiment
we conducted a non-metric multidimensional scaling (NMDS)
with Bray–Curtis distance measure and two dimensions based
on relative T-RF abundances in Canoco 5. To test for significant
differences in community composition (bulk vs. HF samples)
between the levels of each factor we used a multiresponse
permutation procedure (MRPP) with Bray–Curtis distance and
99,999 permutations. The MRPP is implemented in the vegan
package (Oksanen et al., 2015) in R and generates the chance-
corrected within group agreement statistic A. Values of A close
to 0 correspond to no systematic differences between the levels
of the tested factor, whereas values close to 1 indicate that
items within each factor level are nearly identical, i.e., the tested
factors define clearly different groups with mostly homogeneous
community composition within a group.
Sequence Deposition
Archaeal and bacterial 16S rRNA gene raw reads were deposited
in NCBI Sequence Read Archive (SRA) under the BioProject ID
PRJNA299489.
RESULTS
Abundances of Archaea, Bacteria, Fungi
and Eukarya along the Soil
Chronosequence
Archaeal, bacterial, fungal, and eukaryotic SSU rRNA gene copy
numbers were determined by qPCR (Figures 1A,B). Overall, in
O horizons the copy numbers of all four taxa peaked at the
intermediate-aged sites (1–12 kyr; Supplementary Table S3) and
decreased with soil depth at all sites.With regard to soil depth, the
maximum of the archaeal gene copy number was not always in O
horizons as for all other groups but at some sites in A horizons
(0.5, 12, 60, and 120 kyr). In subsoil horizons all SSU gene copy
numbers showed an age effect with significant lower abundances
at the oldest site except for the Archaea (Supplementary Table
S3). The sum of archaeal and bacterial 16S rRNA gene copy
numbers was positively correlated to total cell counts determined
by Turner et al. (2014) (r = 0.91, P < 0.001). Interestingly, the
ratio of Archaea to Bacteria not only increased with soil depth
but also significantly with soil age in subsoils (Figure 1C and
Supplementary Table S3). In contrast, the fungal to bacterial
abundance ratio decreased with soil depth and was lowest at the
youngest and the oldest site throughout the soil profile. All SSU
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TABLE 2 | Spearman rank order correlation coefficients for SSU rRNA
gene copy numbers g−1 dry weight soil and soil properties of the soil
chronosequence.
OC ON OP pH
Archaea 0.76 0.77 0.55 −0.75
Bacteria 0.89 0.89 0.73 −0.73
Fungi 0.88 0.88 0.66 −0.79
Eukarya 0.86 0.85 0.62 −0.71
All correlations were significant (P < 0.001).
rRNA gene copy numbers were highly positively correlated with
soil OC, organic N (ON), ammonium and organic P (OP) content
and negatively with pH (Table 2 and Supplementary Table S4).
Correlations between gene abundances and soil parameters such
as the total P and nitrate content, ormineralogical properties such
as particle size and content of pedogenic Fe and Al phases were
weaker (Supplementary Table S4).
Archaeal and Bacterial Community
Composition along the Soil
Chronosequence
The archaeal and bacterial community composition was analyzed
using tag-encoded pyrosequencing of 16S rRNA genes. The
pyrosequencing yielded a total of 592,752 reads, which were
quality-filtered and then clustered to 2208 archaeal and 28,482
bacterial OTUs at 97% sequence identity level. The archaeal
community composition was dominated by the Forest Soil
Crenarchaeotal Group (FSCG, belong to Group 1.1c; Jurgens
et al., 1997), the South African Gold Mine Crenarchaeotal
Group 1 (SAGMCG-1; Takai et al., 2001), both belonging
to the Thaumarchaeota (Supplementary Figure S4), and the
newly proposed phylum Bathyarchaeota (Meng et al., 2014),
formerly known as Miscellaneous Crenarchaeotal Group (MCG)
(Figure 2A). Interestingly, most sequences that belong to the
Bathyarchaeota were affiliated with sequences of the pSL22
cluster, a sister group of the MCG, and only a few were
closely related to theMCG, subgroup 6 (Figure 3). Furthermore,
archaeal communities comprised members of the Euryarchaeota
(e.g., Thermoplasmatales, Rice Cluster I and Methanomicrobia;
Supplementary Figure S5) and Woesearchaeota (Rice Cluster V ;
Figure 3), however, both constituting only <1% of the total
archaeal community. Archaeal diversity and richness decreased
with increasing soil age (Supplementary Table S5).
There was a clear compositional shift with soil age
characterized by a FSCG dominance at the young to intermediate-
aged soils to a high abundance of the Bathyarchaeota at the
older sites (Figure 2C). To examine the unique effect of soil
age and soil depth on archaeal community composition we
conducted variation partitioning and the results emphasized the
stronger effect of soil age accounting for 17.8% of total adjusted
variation compared to the effect of soil depth with 14.3% (both
P< 0.05). The effect of soil properties on the archaeal community
composition was analyzed by RDA using forward selection.
The content of OP and pyrophosphate-extractable Fe (Fep),
representing Fe in metal-organic complexes, explained 75.8 and
9.5% of the total variation of archaeal community composition,
respectively (both P < 0.05).
Compared to the Archaea, the bacterial community remained
quite stable with ongoing soil development and the most
abundant phyla across all samples were Acidobacteria,
Chloroflexi, Planctomycetes, and Proteobacteria (Figure 2B).
A PCA of the relative abundances of bacterial genera confirmed
that samples did not cluster according to soil age (Figure 2D).
This finding was confirmed by variation partitioning showing
that the conditional effect of soil age and soil depth separately
was not significant, but explained together (including their
interaction) 10.3% of the bacterial community variation
(P = 0.052). A RDA of relative proportions of bacterial genera
with forward selection of soil properties showed that the content
of nitrate and silt explained together a proportion of 39.2% of
total adjusted variation (both P < 0.05). Instead of nitrate and
silt content also pH (if picked first in the forward selection)
can be a good predictor for community composition explaining
21.2% (P < 0.001) of the total variation. Similar to Archaea,
bacterial diversity and richness also decreased with soil age
(Supplementary Table S5).
Incubation Experiment: Abundances of
Archaea, Bacteria and Fungi
The variation in SSU rRNA gene copy numbers could be mainly
explained by the O2 status for Bacteria and Fungi, but not for
Archaea (Figures 4A–C, 5). For bacterial 16S rRNA gene copy
numbers the soil fraction was the second most important control
with the effect depending on the O2 status (Figure 5): Under oxic
conditions bacterial 16S rRNA gene copy numbers were higher
for HF samples, whereas under anoxic conditions copy numbers
were higher for bulk samples (Figure 4B). For the LF, all SSU
rRNA gene copy numbers were similar or lower compared to
bulk and HF samples with the greatest differences for Bacteria
(Figures 4A–C). However, P and C addition did not significantly
affect archaeal 16S rRNA gene copy numbers, whereas bacterial
and fungal copy numbers mostly increased due to C and P
addition in both bulk and HF samples, especially under oxic
conditions (Figures 4A–C and Supplementary Tables S6, S7). The
archaeal to bacterial abundance ratios showed higher values for
HF samples under anoxic conditions, but were relatively similar
under oxic conditions (Figure 4D). The C and CP treatment
in HF samples resulted in higher fungal to bacterial abundance
ratios (Figure 4E). The results of the variance component
estimation with the more complex random effect model for the
oxic and anoxic data subsets showed that despite the significance
of three-way factor interactions (ANOVA), most variation in
microbial abundance patterns could be explained by the effect
of single factors or their two-way interactions (Supplementary
Tables S6–S8).
Incubation Experiment: Archaeal and
Bacterial Community Composition
Archaeal and bacterial community composition were analyzed
via T-RFLP, each with two restriction enzymes resulting overall
in 31 (HaeIII) and 23 T-RFs (RsaI) for Archaea, and 54 (HaeIII)
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FIGURE 2 | Microbial community composition of selected original soil samples (0.5, 5, 12, and 120 kyr soil age) along the Franz Josef
chronosequence based on pyrosequencing analysis. Relative abundances (%) of (A) archaeal groups, and (B) bacterial phyla and classes (Proteobacteria).
(C) Principal component analysis (PCA) of archaeal community composition based on relative abundances of archaeal groups with soil age and soil depth as
supplementary variables (gray arrows). 1.1c, Thaumarchaeota 1.1c; Bathy, Bathyarchaeota; FSCG, Forest Soil Crenarchaeotal Group; SAGMCG-1, South African
Gold Mine Crenarchaeotal Group 1; Thaum_uncl, unclassified Thaumarchaeota, and Thpla, Thermoplasmatales. (D) PCA of bacterial community composition based
on log-transformed relative abundances of bacterial genera (15 best-fitting as blue arrows) with soil age and soil depth as supplementary variables (gray arrows).
Acithe, Acidothermus; Desulspo, Desulfosporosinus; GAL15, candidate division GAL15; Gem, Gemmata; Geobac, Geobacter; Leptspi, Leptospirillum; Naut,
Nautilia. Uncultured genera belong to 7, Acidobacteria; 14, Chloroflexi; 33, 35, Nitrospirae; 41, Planctomycetes; 42, 43, Alphaproteobacteria; 48,
Deltaproteobacteria. Symbol colors encode the different soil ages.
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FIGURE 3 | Phylogenetic affiliation of Bathyarchaeota and Woesearchaeota 16S rRNA gene sequences from soils along the Franz Josef
chronosequence (in bold or grouped as gray-shaded form including the number of the respective sequences). Bootstrap values (in percent) are based on
1000 replicates (values below 50% are not shown). The scale bar indicates 10% estimated phylogenetic divergence.
and 46 T-RFs (HhaI) for Bacteria. Both were significantly affected
by the soil fraction (bulk vs. HF; Table 3) and showed T-RFs
that were unique for the respective fraction (Supplementary
Table S9). Besides the soil fraction, the site age mainly affected
the archaeal community composition followed by a slight effect
of the O2 status (Figure 6A, Table 3, and Supplementary
Figure S6A). However, archaeal communities of LF samples
were only little affected by soil age and partially clustered to
samples of a different soil age. On the contrary, the bacterial
community composition showed distinct clusters for oxic and
anoxic conditions (Figure 6B,Table 3, and Supplementary Figure
S6B). Archaeal as well as bacterial community compositions
were not significantly affected by the addition of P or C
(Table 3).
DISCUSSION
Our study provides the first insight into the dynamics
of microbial abundances and communities in soil depth
profiles over long-term ecosystem development including
retrogression. Using the Franz Josef chronosequence gave us
the unique opportunity to analyze community patterns of
the soil microbiota linked to pedogenesis in an undisturbed
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FIGURE 4 | Abundances of SSU rRNA gene copies normalized to initial OC content in the soil microcosm incubation experiment for (A) Archaea,
(B) Bacteria (assay Gray et al., 2011), and (C) Fungi as well as (D) archaeal to bacterial, and (E) fungal to bacterial SSU rRNA gene copy ratios under oxic (Left) and
anoxic (Right) conditions. Gray shades of symbols indicate soil fraction: bulk (gray), HF (black), and LF (white, only wo-treatment). Every plot shows gene copy
numbers of the differently aged soils (0.5, 5, 12, and 120 kyr), each with the four treatments (wo, P, C, and CP). Error bars indicate standard deviation of three
parallel incubation samples.
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FIGURE 5 | Variance component estimation of factors (O2, fraction, soil age, P, and C addition and their two-way interactions) controlling microbial
abundances and abundance ratios in the whole data set (all), and the oxic and anoxic subsets (without the LF, controls, and inoculum) for the soil
microcosm incubation experiment.
soil environment. To explore the relevance of specific soil
properties for microbial patterns during long-term ecosystem
development, we set up a microcosm incubation experiment.
While such experiments cannot entirely reflect the conditions
in natural soil, they provide valuable insights into the
interactions between individual soil characteristics and soil
microbiota.
The soils along the Franz Josef chronosequence are covered
by rainforest (Richardson et al., 2004) that provides, especially
at the intermediate-aged sites (1–12 kyr), a large input of OM
to topsoil horizons causing a high microbial biomass, high
enzymatic activities (Turner et al., 2014), and a maximum of
archaeal, bacterial, fungal, and eukaryotic SSU rRNA gene copy
numbers in organic horizons at these sites (Figures 1A,B and
Supplementary Table S3). This link between vegetation and
belowground microbiota was supported by correlation analysis
showing a strong relationship between soil OC, ON and OP
contents, and microbial activities and abundances (microbial
biomass, total cell counts, and SSU rRNA gene copy numbers)
for whole soil profiles along the chronosequence (Table 2; Turner
et al., 2014).
TABLE 3 | Effects of the different factors on microbial community
composition in the soil microcosm incubation experiment (bulk and HF,
without the LF) as revealed by multi-response permutation procedure
(MRPP).
A (O2) A (Fraction) A (Site age) A (P) A (C)
Archaea (HaeIII) 0.047 0.026 0.220 −0.008 −0.007
Archaea (RsaI) 0.063 0.050 0.138 −0.004 −0.011
Bacteria (HaeIII) 0.178 0.048 0.028 0.008 −0.007
Bacteria (HhaI) 0.186 0.048 0.045 0.004 −0.007
A is the within-group agreement statistic, significant results at P < 0.01 are typed
in bold.
Archaea rather than Bacteria
Predominate Subsoils, Especially at
Older Development Stages
The Archaea to Bacteria abundance ratio was lowest in the
organic horizon and increased with soil depth pointing to
a relative predominance of Archaea in subsoils (Figure 1C).
Additionally, bacterial, fungal, and eukaryotic abundances were
maximal in the organic horizon, whereas archaeal abundances
were highest in mineral A horizons at some sites. These
observations were in line with findings for a spruce forest, where a
higher abundance of Archaea was determined via metagenomics
for the mineral soil horizon compared to the organic horizon
(Uroz et al., 2013). Archaeal 16S rRNA gene copy numbers
in a soil profile of a boreal peatland even increased in the
upper 50 cm and then remained almost stable to a depth of
175 cm (Lin et al., 2014). Accordingly, Bacteria and Fungi seem
to dominate the OM-rich layer (O horizon) being responsible
for the decomposition of particulate OM while the Archaea
seem to be better adapted to subsoil conditions where OM
generally becomes less available due to a multitude of soil
environmental factors, including sorption to and stabilization by
minerals (Schmidt et al., 2011; Kleber et al., 2015). Fertilization
and manipulation studies have shown that archaeal to bacterial
abundance ratios are negatively related to increasing soil C
contents suggesting that soil Archaeamight be rather oligotrophs
(Fierer et al., 2007; Nemergut et al., 2010; Wessén et al., 2010;
Chroňáková et al., 2015).
Interestingly, the Archaea to Bacteria abundance ratio not
only increased with soil depth but also with soil age pointing
to an increasing relative quantitative importance of Archaea in
long-term soil development coinciding with a P-limitation and
an increase in Fe and Al (hydr)oxides as well as other clay-
sized minerals at older stages (Turner et al., 2014). However,
our results of the incubation experiment showed that archaeal
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abundances were hardly affected by soil fraction (bulk vs. HF),
soil age (including the mineralogical gradient) as well as C and
P addition (Figure 5 and Supplementary Table S6) showing
that archaeal abundances were rather stable under the tested
conditions. Based on an 18-months incubation experiment with
artificial soils, Hemkemeyer et al. (2014) also reported only a
weak influence of the clay mineral composition on archaeal
abundances with no effect of the addition of the Fe oxide
ferrihydrite. In addition, archaeal abundances increased slower
than Bacteria or Fungi over the 18 months indicating slower
growth rates and a better adaptation to nutrient-poor conditions.
In general, the distribution across extreme habitats and a range
of biochemical mechanisms to cope with extreme conditions
suggest that the adaptation to chronic energetic stress is a crucial
factor that ecologically and evolutionary distinguish Archaea
from Bacteria (Valentine, 2007).
In contrast, bacterial abundances were significantly impacted
by almost all tested factors in our incubation experiment
(Supplementary Table S6) with the largest effects of the O2 status
and the soil fraction (Figure 5). Similarly, Hemkemeyer et al.
(2014) reported a pronounced effect of mineral composition and
particle size fraction on bacterial abundances with a positive effect
of ferrihydrite (oxic conditions). Our results indicate that the O2
status determined whether bacterial abundances were increased
or decreased in HF samples. While under oxic condition bacterial
abundances were higher in HF samples compared to bulk
samples, under anoxic conditions they were lower maybe due to
energy limitation that constrained the Bacteria in using mineral-
associated OM (Figures 4B,D).
Taken together, the results of our microcosm incubation
experiment revealed factors that possibly drive the abundance
patterns at the Franz Josef chronosequence, i.e., O2 status
and soil fraction for bacterial abundances, whereas archaeal
abundances were hardly affected by the tested factors. High
precipitation regularly creates water-saturated conditions with
low oxygen availability in these soils. Consequently, the
rather anoxic conditions and the increasing influence of the
soil mineral phase with soil depth and soil age decreases
bacterial abundances. Additionally, soil minerals such as Fe
and Al oxides and other clay-sized minerals, e.g., vermiculite,
could impair the substrate availability for soil microorganisms
due to the formation of mineral-organic associations by
adsorption and coprecipitation (Kaiser and Guggenberger,
2007; Heckman et al., 2013; Kleber et al., 2015; Dietel
et al., 2017) and thereby creating or intensifying nutrient-
limited conditions. However, substrates bound to mineral
surfaces are partly still available for microbial utilization
depending on the sorption–desorption properties of the bound
substrates, but their decomposition is retarded (Mikutta et al.,
2007; Dippold et al., 2014). Thus, while Bacteria might be
inhibited, Archaea probably better cope with this mineral-
induced nutrient and substrate limitation because of their
slow growth rates, their rather oligotrophic lifestyle and their
hypothesized better adaptation to chronic energetic stress
resulting in increasing archaeal to bacterial abundance ratios
in subsoils, especially at the oldest site of the Franz Josef
chronosequence.
A decreasing fungal to bacterial ratio with soil depth along
the Franz Josef chronosequence (Figure 1C) and higher ratios
in LF samples compared to HF and bulk samples under oxic
conditions in our incubation experiment (Figure 4E) point to a
predominance of Fungi in habitats enriched in particulate OM
(i.e., leaf and root litter) and with a high oxygen availability. These
findings match with previous studies reporting relatively higher
fungal abundance in soils with litter or soil macroaggregates
(250–2000 µm, contain particulate OM) as compared to Bacteria
(Baldrian et al., 2012; Smith et al., 2014). Noteworthy, under
anoxic conditions we detected higher fungal to bacterial ratios for
the C and CP treatment of the HF with almost similar SSU rRNA
gene copy numbers for both taxa (Figures 4B,C,E). Accordingly,
Fungi may survive adverse conditions as spores, but their
abundance could increase even in anoxic habitats dominated
by mineral-associated OM if there is an easy-degradable C
source such as cellulose available. This observation corresponds
to findings of Wild et al. (2014) for subsoil horizons that were
amended with different 13C-labeled substrates with a significant,
positive effect of glucose and amino acids on fungal abundance.
Shift in Archaeal Community
Composition with Ongoing Soil
Development
The increasing archaeal to bacterial abundance ratio with soil
age was accompanied by a clear compositional shift of the
archaeal community (Figure 2A). At young to intermediate-aged
soils the archaeal community composition was characterized
by the occurrence of common soil groups as the FSCG
and SAGMCG-1 belonging to the phylum Thaumarchaeota.
Surprisingly, at the oldest, P-limited site, the Bathyarchaeota
were dominant with a proportion of up to 74%. Most of our
sequences were affiliated with the pSL22 cluster (Figure 3),
originally derived from a hot spring in Yellowstone National
Park (Barns et al., 1996) and clustered to sequences derived
from hydrothermal vents or other hot springs with no cultivated
representatives. However, some of our bathyarchaeotal sequences
were affiliated with sequences of the MCG subgroup 6 derived
frommarine and freshwater sediments, subsurface or wastewater
sludge, thus, representing a rather widespread subgroup. So
far Bathyarchaeota mostly comprising the MCG (Meng et al.,
2014), that were reported to be one of the most abundant
and at the same time one of the most active groups in
nutrient-poor, low energy environments like marine subsurface
sediments (Fry et al., 2008; Breuker et al., 2013; Figure 3).
There are only a few studies, mainly about waterlogged soils,
reporting the MCG constituting a mentionable proportion of
the archaeal soil community (summarized by Kubo et al., 2012
in the Supplementary Information). In peatland soils of the
Appalachian Mountains not only Archaea of the Group 1.1c and
SAGMCG-1 were detected but also MCG with a proportion of
37% (Hawkins et al., 2014). Another study about permafrost
soils analyzed the archaeal community in different soil depths
and reported that 26–73% of the sequences were affiliated to
MCG-OTUs corresponding to our high proportions (Wei et al.,
2014).
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FIGURE 6 | Non-metric multidimensional scaling (NMDS) of (A) archaeal (stress value = 0.218) and (B) bacterial community composition (stress
value = 0.133) for the soil microcosm incubation experiment based on relative abundance of T-RFs (after digestion of PCR products with HaeIII) using Bray–Curtis
distance measure. Different symbols encode the different soil fractions (triangle – bulk soil; circle – heavy fraction, HF; and square – light fraction, LF). Different colors
encode the different soil ages (0.5, 5, 12, and 120 kyr) for archaeal community analysis (A) and O2 status (oxic and anoxic) for bacterial community analysis (B).
Unfortunately, little is known about the physiological
capabilities of the Bathyarchaeota because there are no cultivated
representatives so far. The MCG archaea are considered
to be mainly heterotrophic anaerobes (Biddle et al., 2006;
Lazar et al., 2016) and MCG cells of the marine subseafloor
encoded extracellular protein-degrading enzymes such as
aminopeptidases, thus, seem to be able to degrade persistent
detrital matter comprised of cell wall components (Lloyd et al.,
2013; Lazar et al., 2016). This assumption would be in line with
an increase of aminopeptidase activities at the oldest site (Turner
et al., 2014) suggesting that Bathyarchaeota at the oldest site may
be adapted to the substrate and nutrient-poor conditions and
are probably able to degrade proteins of dead microbial biomass
that comprises an important internal carbon and nutrient pool at
this soil development stage receiving only a small allochthonous
OM input compared to the younger soil ages (Turner et al., 2013;
calculated from Turner et al., 2014).
The archaeal community composition shift in soils of the
Franz Josef chronosequence was related to soil age (Figure 2C)
that is accompanied by a mineralogical and P gradient. Although
the sample number for this pyrosequencing analysis was
relatively low (n = 9), the age-related archaeal community
composition shift matched with the T-RFLP results of our
incubation experiment: The archaeal community composition
was significantly affected by soil age and soil fraction, too
(Figure 6A). Hemkemeyer et al. (2014) also reported an effect
of different clay minerals on archaeal community composition in
the particle size fraction <20 µm after 18 months of incubation.
In contrast, the addition of C or P had no impact on the archaeal
community composition (Table 3) consistent with findings of
fertilization studies that showed that the archaeal community
composition was not impacted by P addition (Leff et al., 2015).
These results indicated that the age-related shift in archaeal
community composition probably is caused by differences in soil
mineralogical properties instead of changes in C or P contents.
Bacterial Communities Remained Stable
over Long-Term Soil Development
In contrast to the clear age-related compositional shift of the
archaeal community, the bacterial community did not change
considerably (Figures 2B,D). Our results revealed that neither
on phylum nor on genus level a restructuring of the bacterial
community composition took place in mineral soils over long-
term soil development. Similarly, Jangid et al. (2013b) reported
stable bacterial communities in topsoils of the Franz Josef
chronosequence older than 5 kyr and this observation was
also described for other long-term soil chronosequences such
as the Mendocino chronosequence (uplifted marine terraces,
time points T2 and T3), B horizons of a dune chronosequence
located in Georgia (United States), and a dune chronosequence
bordering on the Lake Michigan (Tarlera et al., 2008; Williams
et al., 2013; Uroz et al., 2014). Thus, bacterial communities seem
to change drastically during early succession, but then remain
relatively stable despite of changing mineralogical composition
and the nutrient gradients. This observation could be linked
to the rapidly decreasing soil pH, from approximately seven to
four, during early succession of glacier forelands (Tscherko et al.,
2003; Williams et al., 2013; Turner et al., 2014); pH is considered
to be one of the most important factors structuring bacterial
community composition (Fierer et al., 2009; Dini-Andreote et al.,
2014). This explanation is also in line with our observation that
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the pH is one of the best predictors for bacterial community
composition at the Franz Josef chronosequence.
The results of the incubation experiment showed that the O2
status was the most important controlling parameter for bacterial
community composition if the pH remained stable during long-
term soil development (Figure 6B and Table 3). This observation
corresponds to our findings at the Franz Josef chronosequence
where bacterial community composition was rather influenced
by soil depth forming a steep redox gradient in these regularly
water-saturated soils (Figure 2D).
Besides O2 status, bacterial community composition differed
significantly between soil fractions (Table 3) and T-RFs that
were unique for either bulk or HF samples were detected
(Supplementary Table S9). Blackwood and Paul (2003) also
conducted a soil fractionation experiment and analyzed the
bacterial community composition in four different fractions.
They reported distinct communities for the HF and the LF
concluding that these fractions provided distinct soil habitats due
to different characteristics of the soil matrix and the OM within
each fraction. They presumed that the selection for well adapted
species may be greater in the HF compared to other fractions like
the rhizosphere.
There are several studies reporting a significant effect of
mineral composition such as different clay minerals or Fe
oxides on bacterial communities in incubation experiments with
artificial soils (Babin et al., 2013; Heckman et al., 2013; Vogel
et al., 2014; Steinbach et al., 2015). On the contrary, we detected
only a slight soil age effect for bacterial T-RFLP profiles analyzed
with HhaI (Table 3). This difference may be related to the use
of natural soils in our study which featured less pronounced
differences in mineralogical compositions compared to artificial
soils consisting of pure minerals used in other studies.
CONCLUSION
Our study provides first insights in patterns of microbial
communities in soil depth profiles along the long-term ecosystem
development gradient of the Franz Josef chronosequence. The
archaeal to bacterial abundance ratio increased not only with
soil depth, but also with soil age with archaeal abundances being
less impacted by the mineral-associated soil fraction and soil age
than Bacteria. Moreover, pyrosequencing results revealed that
Archaea and Bacteria show different patterns in relation to soil
age: archaeal communities were clearly affected by soil age linked
to changes in soil mineralogical properties, whereas bacterial
community composition remained stable. Overall, our results
indicate, that archaeal communities may relatively predominate
subsoils, especially in nutrient-depleted old soils, by better coping
with mineral-induced substrate limitations and due to changes
in community composition to taxa (i.e., Bathyarchaeota) that are
adapted to nutrient-poor, low energy habitats.
Further research is necessary to gain a better understanding
of the processes and general patterns associated with long-term
soil development and the particular role of microorganisms being
of utmost importance for nutrient cycling. Special attention
should be paid to the impact of mineral-organic associations
on soil microbial communities and the underlying mechanisms
controlling this interaction.
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1 Supplementary Tables and Figures  
1.1 Supplementary Tables 
 
Table S1 Initial concentrations of organic carbon (OC) and total nitrogen (TN) per g soil fraction of 








0.5 Bulk 144.2 7.9 
5  137.3 7.7 
12  77.7 3.6 
120  65.5 3.6 
0.5 HF 126.1 6.7 
5  99.8 5.5 
12  63.7 3.0 
120  57.1 3.1 
0.5 LF 403.5 14.0 
5  409.5 14.1 
12  387.9 11.9 
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Table S2 Physico-chemical and soil mineralogical properties of soil horizons along the Franz Josef 
chronosequence (Turner et al., 2014). Soil horizons used for the incubation experiment are 
highlighted in green. Hor. – horizon, OC – organic carbon, ON – organic nitrogen, TP – total 
phosphorus, Fed – dithionite-extractable Fe phases representing poorly crystalline and crystalline Fe 
oxides as well as Fe-humus-complexes, (Fe+Al)o – oxalate-extractable Fe and Al phases representing 
poorly crystalline minerals and metal-humus-complexes, Fed-o – difference between dithionite-
extractable Fe and oxalate-extractable Fe representing crystalline Fe phases, (Fe+Al)p – Fe and Al 
























0.06 AO 5.8 201.5 13.2 1103 4.2 3.3 4.3 0.4 11 31 58 
0.06 CA 6.0 7.3 0.5 686 2.3 2.9 1.1 1.1 3 17 80 
0.06 C 6.4 7.2 0.4 804 2.7 3.6 1.7 1.5 6 31 63 
             
0.5 OA 4.5 241.7 10.2 785 ND ND 11.6 ND ND ND ND 
0.5 A 4.7 158.4 6.9 583 7 3.6 7.7 0.0 17 55 28 
0.5 C 5.6 3.6 0.2 744 1.7 1.3 1.5 0.1 5 46 49 
             
1 O 3.9 327.6 13.4 544 ND ND 2.9 ND ND ND ND 
1 AE 4.1 66.6 4.0 220 2.4 1.3 3.6 0.1 12 58 30 
1 E 4.7 17.2 0.7 103 3.2 2.0 3.3 0.6 12 55 33 
1 B 5.3 9.5 0.5 272 8.5 6.8 5.5 1.1 5 43 52 
             
5 O 3.9 367.9 14.4 681 ND ND 2.3 ND ND ND ND 
5 AE 4.3 47.3 2.8 195 2.7 1.9 1.4 0.4 13 56 30 
5 E 4.9 16.6 0.6 100 4.2 3.2 1.8 0.6 13 58 29 
5 B 5.1 8.1 0.4 231 8.5 7.2 2.2 1.1 6 51 43 
             
12 O 3.8 448.1 12.8 499 ND ND 1.2 ND ND ND ND 
12 AE 4.1 143.6 6.8 244 1.6 0.6 1.2 0.0 7 56 36 
12 EA 4.5 30.5 0.9 76 1.4 0.7 0.9 0.4 5 52 43 
12 B 5.0 36.4 1.3 328 13.4 8.2 4.7 2.6 9 34 57 
12 C 5.5 4.7 0.2 664 6.6 0.8 0.6 0.3 8 28 64 
             
60 O 4.0 220.3 6.2 296 ND ND 1.6 ND ND ND ND 
60 AE 4.1 60.4 2.9 161 1.7 0.7 1 0.2 11 68 20 
60 EA 4.7 24.0 1.0 92 5.9 3.8 3.1 0.5 14 67 19 
60 B 5.1 13.3 0.7 137 13.9 9.4 3.9 1.8 16 59 25 
60 C 5.5 2.2 0.1 591 2.6 1.2 0.9 0.5 7 43 50 
             
120 O 4.4 190.4 5.4 136 ND ND 0.6 ND ND ND ND 
120 A 4.2 72.1 4.0 78 0.5 0.2 0.5 0.0 10 77 13 
120 E 4.9 7.7 0.4 16 2.9 2.3 1.7 1.4 12 74 13 
120 B 5.2 12.5 0.4 77 7.8 24.7 4 22.0 20 51 29 









Table S3 Results of the Tukey’s post hoc test following the two-way ANOVA (soil age, horizon, 
their interaction and depth as a covariate) on microbial abundances along soil profiles of the Franz 
Josef chronosequence determined by qPCR (Figure 1). Letters indicate differences in abundances 
between different soil ages within each horizon (horizontal direction). Equal letters denote that the 
abundances not significantly differed from each other (Tukey test, P < 0.05). 
 
Soil age (kyr) 
 0.06 0.5 1 5 12 60 120 
Archaea 
       
O - ab a a a ab b 
A a ab ab ab b a a 
E - - a a a a a 
B - - a a a a a 
C a a - - b a - 
Bacteria 
       
O - ab a a a ab b 
A abc abc abc ab c ac b 
E - - a ab a a b 
B - - ab ab a ab b 
C a ab - - - b - 
Fungi 
       
O - ab a a a ab b 
A ab ab ab a ab b a 
E - - a ab a a b 
B - - a a a a a 
C a ab - - - b - 
Eukarya 
       
O - a a a a a a 
A ab ab ab a ab b ab 
E - - ab ab a a b 
B - - ab ab ab a b 
C a ab - - - b - 
Archaea:Bacteria 
       
O - a a a a a a 
A a bc bc bc b ac bc 
E - - ab a ab a b 
B - - a a a a b 
C a b - - - b - 
Fungi:Bacteria 
       
O - a a a a a a 
A a a a a a a a 
E - - a a a a a 
B - - ab ab ab a b 
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Table S4 Spearman rank order correlation coefficients for SSU rRNA gene copy numbers g-1 dry 
weight soil and soil chemical and mineralogical properties of the soil chronosequence. Significant 
results at P < 0.01 are typed in bold. 
NO3- NH4+ TP (Fe+Al)o Fed (Fe+Al)p Fed-o Clay Silt Sand 
Archaea 0.19 0.56 -0.02 -0.20 -0.23 0.18 -0.33 0.14 0.23 -0.20 
Bacteria 0.36 0.69 0.18 -0.17 -0.27 0.08 -0.44 0.13 0.14 -0.09 
Fungi 0.40 0.78 0.08 -0.16 -0.28 0.00 -0.38 0.31 0.33 -0.31 










Table S5 Number of archaeal and bacterial observed OTUs, richness estimator, and diversity index 
of the 16S rRNA gene sequences of samples along the Franz Josef chronosequence. 
Archaea Bacteria 
Sample No. OTUs
1 Chao12 H3 No. OTUs1 Chao12 H3 
0.5_CB 323 745 (603-959) 3.10 (3.04-3.17) 635 2134 (1748-2653) 5.54 (5.45-5.62) 
5_O 239 565 (441-765) 2.60 (2.54-2.67) 922 4272 (3507-5264) 6.28 (6.21-6.35) 
5_AE 288 685 (541-911) 3.12 (3.06-3.18) 500 1359 (1116-1697) 5.20 (5.12-5.29) 
5_E 177 410 (308-590) 2.56 (2.51-2.62) 454 1276 (1030-1629) 5.08 (5.00-5.16) 
5_B 199 442 (343-609) 2.62 (2.57-2.68) 456 1429 (1134-1853) 5.13 (5.06-5.10) 
12_EA 343 1029 (799-1374) 2.77 (2.70-2.84) 498 1319 (1087-1642) 5.18 (5.10-5.27) 
12_B n.d. n.d. n.d. 501 1815 (1424-2374) 5.21 (5.13-5.29) 
120_E1 225 608 (459-852) 2.26 (2.19-2.32) 361 812 (662-1036) 4.89 (4.81-4.96) 
120_E2 163 358 (275-503) 1.69 (1.63-1.75) 219 552 (421-767) 3.68 (3.59-3.77) 
120_B 176 419 (314-603) 1.82 (1.75-1.89) 267 850 (626-1214) 4.18 (4.09-4.26) 
1 Number of observed OTUs 
2 Chao1 richness estimator with higher and lower 95% confidence interval in parentheses. 
3 Shannon diversity index with higher and lower 95% confidence interval in parentheses. 
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Table S6 Effects of the different factors on microbial abundances in the soil microcosm incubation 
experiment (bulk and HF, without the LF) as revealed by five-way ANOVA with significant 





P C Significant interactions 
Archaea * n.s. *** n.s. n.s. 
O2×Age*, Age×P*, O2×Frac×Age***, 
O2×Frac×P**, O2×P×C***, Frac×Age×C*, 
Frac×Age×P** 
 
Bacteria1 *** *** *** *** n.s. 
O2×Frac***, O2×Age***, O2×P***, 
Frac×Age***, Frac×P***, Age×C***, 
O2×Frac×Age***, O2×Age×P*, O2×Age×C***, 
O2×P×C***, Frac×Age×C*, Frac×P×C* 
 
Fungi1 *** n.s. ** *** *** 
O2×Age***, O2×C*, Frac×Age**, Frac×P**, 
Frac×C**, Age×C**, O2×Frac×Age**, 
O2×Frac×P*, O2×Frac×C***, O2×Age×P* 
 
Archaea:Bacteria1 *** ** ** n.s. n.s. 
O2×Frac***, O2×Age***, O2×P*, Age×P**, 
O2×Frac×Age**, O2×Frac×P**, Frac×Age×P*, 
Frac×Age×C*, Frac×P×C* 
 
Fungi:Bacteria1 *** n.s. *** *** *** 
O2×Frac***, O2×P***, Frac×C**, Age×C***, 
P×C**, O2×Frac×Age**, O2×Frac×C***, 
O2×Age×C** 
*** P < 0.001, ** 0.001 < P < 0.01; * 0.01 < P < 0.05; n.s. – not significant (P > 0.05). 










Table S7 Results of four-way ANOVA with significant interactions for the oxic and anoxic subsets 





P C Significant interactions 
Bacteria oxic  *** *** *** ** Frac×Age***, Age×C***, P×C***, Frac×Age×P* 
Bacteria anoxic *** *** n.s. n.s. Frac×P**, Age×P**, P×C**, Frac×P×C* 
Fungi oxic n.s. *** *** *** 
Frac×Age***, Frac×P*, Frac×C***, Age×P***, 
Age×C***, Frac×Age×C*, Frac×P×C***, 
Age×P×C* 
Fungi anoxic n.s. *** *** *** Frac×P**, Frac×C***, Age×C*; P×C* 
Archaea:Bacteria 
oxic 
n.s. *** * n.s. Frac×P*, Frac×Age×C* 
Archaea:Bacteria 
anoxic 
*** *** n.s. n.s. Frac×Age**, Frac×P*, Age×P*, Frac×Age×C* 
Fungi:Bacteria 
oxic 
*** *** ** *** 
Frac×Age***, Frac×C***, Age×P***, Age×C***, 




*** * *** *** Frac×Age*, Frac×C*** 
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Table S8 Results of variance component estimation of factors (fraction, soil age, P and C addition 
and their four-way interactions) controlling microbial abundances and abundance ratios in the oxic 
and anoxic subsets (without the LF, controls and inoculum) for the soil microcosm incubation 
experiment. 
% of total variation 
Oxic      
 Archaea Bacteria Fungi Archaea:Bacteria Fungi:Bacteria 
Fraction 0 33 0 0 17 
Age 6 5 9 31 1 
P 0 14 12 2 0 
C 0 0 50 0 32 
Fraction × Age 10 13 10 0 0 
Fraction × P 1 1 0 3 0 
Fraction × C 0 0 2 0 8 
Age × P 0 0 5 3 5 
Age × C 0 15 2 0 19 
P × C 0 9 0 0 5 
Fraction × Age × P 14 0 0 5 0 
Fraction × Age × C 3 0 2 5 1 
Fraction × P × C 5 0 2 1 0 
Age × P × C 0 0 2 0 2 
Fraction × Age × P × C 0 3 0 0 5 
Residual 62 8 4 49 3 
Anoxic 
Archaea Bacteria Fungi Archaea:Bacteria Fungi:Bacteria 
Fraction 0 53 0 29 0 
Age 0 35 5 3 0 
P 0 0 16 0 18 
C 0 0 3 0 1 
Fraction × Age 10 0 2 10 6 
Fraction × P 0 1 8 1 3 
Fraction × C 0 0 21 0 35 
Age × P 0 2 0 0 0 
Age × C 0 0 6 0 2 
P × C 7 0 5 0 0 
Fraction × Age × P 5 0 0 4 0 
Fraction × Age × C 0 1 1 0 0 
Fraction × P × C 0 1 0 0 0 
Age × P × C 0 0 0 0 0 
Fraction × Age × P × C 20 0 0 17 1 










Table S9 Total number of T-RFs and number of T-RFs that were unique either in bulk, HF, or LF 
samples of the soil incubation experiment (without inoculum and control). 
 
Total Bulk HF LF 
Archaea (HaeIII) 31 3 3 1 
Archaea (RsaI) 23 8 1 0 
Bacteria (HaeIII) 52 5 6 0 
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1.2 Supplementary Figures 
 
Figure S1 Map of sampling sites along the 120 kyr old Franz Josef chronosequence modified after 











Figure S2 Soil profiles at four sampling sites along the Franz Josef chronosequence of (A) 0.5, (B) 5, 
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Figure S3 Schematic overview of the microcosm incubation experiment setup modified after Turner 
et al. (2017). *The C and P treatments were not tested for the light fraction samples. Photographs 










Figure S4 Phylogenetic affiliation of Thaumarchaeota 16S rRNA gene sequences from soils along 
the Franz Josef chronosequence (in bold or grouped). The scale bar indicates 10% estimated 
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Figure S5 Phylogenetic affiliation of Euryarchaeota 16S rRNA gene sequences from soils along the 












Figure S6 Non-metric multidimensional scaling (NMDS) of (A) archaeal (stress value = 0.120) and 
(B) bacterial community composition (stress value = 0.100) for the soil microcosm incubation 
experiment based on relative abundance of T-RFs (after digestion of PCR products with RsaI or 
HhaI, respectively) using Bray-Curtis distance measure. Different symbols encode the different soil 
fractions (triangle – bulk soil; circle - heavy fraction, HF; and square – light fraction, LF). Different 
colors encode the different soil ages (0.5, 5, 12, and 120 kyr) for archaeal community analysis (A) 
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a b s t r a c t
During long-term ecosystem development, both soil mineralogical composition and nutrient contents
change, thus possibly altering microbial nutrient cycling by constraining substrate accessibility. In
addressing the mineral impact on nitrogen (N) and phosphorus (P) cycling, we determined microbial
abundances, activities of N-hydrolyzing (aminopeptidases, protease, urease) and P-hydrolyzing (phos-
phatase) enzymes and the potential substrate availability as well as their physicochemical and miner-
alogical controls in whole soil profiles along the 120 kyr-old Franz Josef chronosequence (New Zealand).
Pedogenic soil iron (Fe) and aluminum (Al) resided initially (<1 kyrs) in metal-humus complexes,
changed to poorly crystalline Fe and Al at intermediate-aged sites (1e12 kyrs) and into dominance of clay
and crystalline Fe oxides at the oldest site. Despite this, organic C (OC) and organic N (ON) stocks
increased only slightly with soil age, whereas organic P (OP) stocks decreased continuously. In organic
layers, enzyme activities were mainly regulated by ON and OP concentrations, whereas in mineral soils,
mineraleenzyme relations were more complex and included both, direct and indirect effects. Protease,
urease, and phosphatase activities were inhibited by mineral interactions, especially with poorly crys-
talline Fe and Al oxides, whereas aminopeptidases were less affected by mineralogical properties. On a
pedon basis, most N-hydrolyzing enzyme activities per ON stocks responded negatively to increasing
stocks of poorly crystalline Fe and Al minerals, but were also affected by the C:N ratio of labile organic
substrates. Profile-based phosphatase activities per OP stock were highest at the oldest sites having the
largest stocks of clay and crystalline Fe oxides. Overall, our study indicates that long-term mineral
changes create distinct patterns of nutrient accumulation and N- and P-enzyme activities at both horizon
and pedon scale, with a variable extent of the mineralogical effect for the different N-hydrolyzing
enzymes.
! 2013 Published by Elsevier Ltd.
1. Introduction
Extracellular enzyme activities drive many soil ecosystem
functions and also provide a useful tool to monitor microbial ac-
tivity. Soil microorganisms excrete extracellular enzymes to
degrade complex organic compounds into small utilizable mole-
cules for microbial assimilation. This process is considered to be the
rate limiting step in the decomposition of organic matter (OM) and
nutrient mineralization (Sinsabaugh, 1994). The enzyme produc-
tion is regulated by the environmental nutrient status because it is
both energy intensive and requires nitrogen (N) and therefore in-
dicates microbial nutrient demand (Sinsabaugh et al., 2008). This is
reflected by the negative relationship between extracellular
enzyme activity and the availability of assimilable nutrients
(Olander and Vitousek, 2000; Allison and Vitousek, 2005; Allison
et al., 2007). Therefore, enzyme activities depend on enzyme sta-
bility itself and the accessibility and quality of potential substrates.
What remains poorly understood is how enzyme activities are
altered by abiotic factors such as the mineralogical soil composition
(Allison, 2006; Marinari and Vittori Antisari, 2010; Achat et al.,
* Corresponding author. Tel.: þ49 511 762 3561.
E-mail address: mikutta@ifbk.uni-hannover.de (R. Mikutta).
Contents lists available at ScienceDirect
Soil Biology & Biochemistry
journal homepage: www.elsevier .com/locate/soi lb io
0038-0717/$ e see front matter ! 2013 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.soilbio.2013.09.016







2012). Variation in soil mineral assemblage can cause a differential
accumulation and stabilization of organic forms of carbon (OC),
nitrogen (ON), and phosphorus (OP) (Mikutta et al., 2009, 2010;
Vincent et al., 2012). Soil enzyme activities can also be affected
directly by mineralogical composition. For example, enzymes can
be stabilized against degradation and proteolysis by clay minerals,
whereas their activities can be inhibited due to sorption onto the
surface of clay minerals (Nannipieri and Smalla, 2006) or enhanced
by the presence of allophane (Allison, 2006). Besides direct effects,
minerals can exert several indirect effects on enzyme activity.
Organic substrates can be adsorbed onto mineral surfaces (Kalbitz
et al., 2005; Mikutta et al., 2007) or complexed and precipitated
with iron (Fe) or aluminum (Al) (Nierop et al., 2002; Scheel et al.,
2007), thus, resulting in a reduced bioavailability (Allison and
Jastrow, 2006). Organic matter strongly bound to minerals is typi-
cally less accessible to microorganisms (Kaiser et al., 2007),
whereas the presence of an easily desorbable OM pool promotes
microbial activity (Mikutta et al., 2007). These strong organo-
mineral interactions, particular in subsoil horizons, can deplete
concentrations of dissolved nutrients (ON, OP) in the soil solution,
potentially causing an up-regulation of enzyme activities. The
mineralogical composition of soil, however, changes with ongoing
weathering and soil formation and results in varying interaction
processes with soil OM (Torn et al., 1997; Mikutta et al., 2009, 2010).
Most studies of enzyme activities have focused on topsoil horizons
(Allison et al., 2007; Baldrian et al., 2008), and little is known about
the dynamics of ON and OP in relation to microbial activity on a
pedon scale, even though a large fraction of soil OM is contained in
mineral subsoil horizons (Kaiser and Guggenberger, 2000; Moore
and Turunen, 2004).
Here, we test whether the activities of N- and P-hydrolyzing
enzymes depend solely on N and P abundances, or are altered
throughout soil development because of shifts in mineral assem-
blage from primary silicates tomore protective minerals like poorly
crystalline and crystalline Fe and Al phases (Torn et al., 1997;
Mikutta et al., 2009). We used a chronosequence to test these
ideas because it is a powerful space-for-time approach for assessing
changes in soil properties and processes (Stevens andWalker, 1970;
Wardle et al., 2004). During long-term soil development nutrient
concentrations change. Nitrogen limits during primary succession
and accumulates over timedue to atmospheric inputs and biological
N2-fixationwhile P is initially high and becomes increasingly scarce
as a result of weathering of P-containing minerals and leaching
(Walker and Syers, 1976; Crews et al., 1995; Peltzer et al., 2010). We
hypothesize that changing mineralogical properties with soil age,
directly and indirectly control microbial N and P enzyme activities.
Specifically, we focus on enzyme regulation mechanisms in whole
soil pedons, including organic and mineral horizons, in relation to
nutrient concentrations and their potential accessibilities. For that,
we determined microbial abundances and activities of N- and P-
hydrolyzing enzymes and investigated their controls based on soil
physicochemical andmineralogical properties along the 120 kyr-old
Franz Josef soil chronosequence in New Zealand (Stevens, 1968;
Almond et al., 2001). Storage of OC, ON, and OP along the
sequence were analyzed and the potential substrate availability of
OM was tested in desorption experiments.
2. Material and methods
2.1. Sites and soil sampling
The Franz Josef chronosequence is located on the West Coast on
the South Island of New Zealand (w43! S, 170! E). The soils
developed due to repeated glacial advance and retreat from grey-
wacke and mica schist spanning a time scale from present to
120 kyrs. The two oldest sites also received loess depositions
(Stevens, 1968; Almond et al., 2001). The mean annual temperature
is 10.8 !C; precipitation at the youngest four sites is ca. 6500 mm
and ca. 3500 mm at the three older sites. Soils are covered by
temperate rainforest with a general dominance of evergreen an-
giosperms. Woody plant diversity, vegetation cover and tree height
increase through ecosystem progression, and then decline
(Richardson et al., 2004).
Soil samples from seven sites were collected in January 2012.
From three randomly chosen profiles per site, every genetic horizon
was sampled to a soil depth of 1 m, thus, three site replicates were
available for laboratory analyses. For determination of soil bulk
density and soil moisture, samples were taken with 100 cm3 cyl-
inders. For total cell counts, a 1-mL fresh soil mini-core taken by a
truncated syringe was fixed with 2% (vol./vol.) formaldehyde in
0.9% NaCl solution and shaken vigorously. All soil samples for mi-
crobial analysis were kept at <4 !C prior to analysis.
2.2. Soil parameters
Moist soil material was sieved through a 2-mm sieve and sub-
sequently air-dried. Samples taken with 100 cm3 cylinders were
dried at 60 !C to a constant weight to calculate bulk density and soil
moisture. Soil pH was measured in distilled water (1:2.5; wt./vol.).
Total C (TC) and total N (TN) contents were measured by a CNS
analyzer (Vario EL III; Elementar Analysensysteme GmbH, Hanau,
Germany). Soil samples did not contain carbonate due to the acidic
conditions, therefore TC was equivalent to OC. Inorganic N
([Nmin] ¼ [NO3
#] þ [NH4
þ]) was extracted from field moist samples
with 1 M KCl (1:10 wt./vol.), kept frozen until analysis and was
determined photometrically (SAN-plus, Skalar Analytical B.V., Breda,
The Netherlands). Organic N was calculated as the difference be-
tween TN and Nmin. Total P (TP) and OP contents of soils were
analyzed using the ignitionmethod of Saunders andWilliams (1955)
with photometric detection of the blue P-molybdate complex at
880 nm (Schinner et al.,1993). Selective extractions of oxalic oxalate-
extractable Fe and Al (Feo, Alo) and dithioniteecitrateebicarbonate-
extractable Fe (Fed) were performed on bulk soil samples according
to Schlichting et al. (1995). Acid oxalate dissolves Fe and Al from
poorly crystalline minerals and metalehumus-complexes while
dithioniteecitrateebicarbonate extracts pedogenically formed Fe
phases including poorly crystalline and crystalline Fe oxides as well
as Feehumus complexes. The difference between dithioniteecit-
rateebicarbonate extractable Fe and oxalic oxalate-extractable Fe
represents crystalline Fe phases (Fedeo). Extraction of Fe and Al from
organic complexes (Fep, Alp) was accomplished with 0.1 M sodium
pyrophosphate (Na4P2O7, pH 9.5) at a solid-to-solution ratio of 1:50.
Solutions were flocculated with 5 mL of 0.05 M MgSO4 and 5-mL
aliquots were centrifuged at 300,000 g for 6 h. Fe and Al concentra-
tions in extraction solutions were measured by inductively coupled
plasma atomic-emission spectroscopy (Varian 725-ES, Varian Inc.,
Palo Alto, California, United States). Particle size distribution of ho-
rizons was determined after removal of Fe oxides and OM by stan-
dard pipette analysis (Schlichting et al., 1995).
2.3. Potential substrate availability
In order to test the potential availability of OM for enzymatic
reactions, two desorption experiments were conducted. First, field
moist soil samples were extracted with 0.5 M K2SO4 (1:4 wt./vol.)
for OC and TN. The K2SO4-extractable fractionwas considered to be
a highly bioavailable OM pool (Balser and Firestone, 2005). Second,
dry soil samples were extracted with 0.1 M NaH2PO4 (1:25 wt./vol.)
for 17 h, centrifuged (30 min, 3500 g) and filtered (0.45 mm, poly-
vinylidene difluoride membrane). The OC and TN contents of the




filtrates were measured by a TOC analyser (LiquiTOC trace, Ele-
mentar Analysensysteme GmbH, Hanau, Germany). Operationally,
the NaH2PO4-fraction was considered to include easy available and
reversibly mineral-bound OM, whereas the NaH2PO4-resistant
fraction was considered to be most stable being either strongly
bound to minerals (Kaiser and Guggenberger, 2007) or located in
particulate OM structures.
2.4. Microbial biomass and total cell counts
Microbial biomass C and Nwere determined by the fumigatione
extraction-method (Vance et al., 1987). Organic C content of the
K2SO4-extracts was measured by a TOC analyser (high TOC II, Ele-
mentar Analysensysteme GmbH, Hanau, Germany). Microbial
biomass C was calculated with kEC ¼ 0.45 (Joergensen, 1996) and
expressed as mg C per gram dry soil. Ninhydrin-reactive N was
measured in the same K2SO4-extracts according to Joergensen
and Brookes (1990). Microbial biomass N was calculated as
Nmic ¼ 5 " [Ninhydrin-reactive N] and expressed as mg N per gram
dry soil.
For total cell counts, a subsample of each formaldehyde-fixed
soil sample was sonicated, stained with SYBR Green I (Invitrogen)
and embedded with moviol on black polycarbonate membrane
filters (0.2 mm, Nuclepore, Whatman) (Lunau et al., 2005). The
stained cells on the filters were counted by using epifluorescence
microscopy.
2.5. Enzyme activities
The potential activities of five enzymes involved in the hydro-
lysis of N and P compounds were assessed for each horizon in three
analytical replicates: protease, urease, alanine aminopeptidase
(ala-AP), leucine aminopeptidase (leu-AP), and phosphatase.
Protease and urease activities were determined colorimetrically
according to Schinner et al. (1993). For protease measurement,
field-moist soil was incubated with sodium caseinate as substrate.
The activity was expressed as tyrosine equivalents per gram dry soil
per 2 h. Urease activity was determined by adding urea solution as
substrate to field-moist soil. The absorbance was measured at
690 nm and urease activity was expressed as N equivalents per
gram dry soil per 2 h.
The activities of ala-AP, leu-AP, and phosphatase were measured
by HPLC using fluorogenic substrates. The method described by
Stemmer (2004) wasmodified and allowed a simultaneous analysis
of multiple enzymes. 7-amino-4-methylcoumarin derivatives (L-
ala-7-AMC and L-leu-7-AMC) and a 4-methylumbelliferone deriv-
ative (4-MU-phosphate) were used as substrates. The substrates
were pre-dissolved in dimethyl sulfoxide. The assay buffer was
adjusted to pH 5.0 with NaOH. For the incubation experiment 0.5 g
field-moist soil and 10 mL diluted assay buffer (1:5) were sonicated
for 1 min. The three substrates were added to the soil-buffer-
suspension and the assay was incubated at 30 #C for 3 h. Chang-
ing substrate concentrations over time (0, 1, 2, 3 h) were measured
by removing a subsample of 400 mL from the assay, stopping the
reaction with 1 mL methanol and 2 mL KH2PO4 buffer (25 mM, pH
6.1) and extracting non-hydrolyzed substrate derivatives and free
4-MU and 7-AMC. The supernatant of the extracted solution was
filtered (0.2 mm membrane filter) and injected into the HPLC
system.
HPLC analyses were carried out using an Agilent 1200 (Agilent
Technologies, Santa Clara, California, United States) system with
thermostated autosampler (40 #C). Separation took place on a
Zorbax Eclipse Plus C18 pre-column (4.6 " 12.5 mm, 5 mm) and a
Table 1















OC:TP OC:OP ON:TP TCC





0.06 AO 5.8 201.5 13.2 0.10 1103 688 183 293 12 8517 1229 335
0.06 CA 6.0 7.3 0.5 0.02 686 73 11 100 1 189 113 28
0.06 C 6.4 7.2 0.4 0.03 804 101 9 71 0 74 38 9
0.5 OA 4.5 241.7 10.2 0.11 785 685 308 353 13 4209 1222 217
0.5 A 4.7 158.4 6.9 0.04 583 512 272 309 12 2499 352 60
0.5 C 5.6 3.6 0.2 0.02 744 47 5 78 0 42 7 3
1 O 3.9 327.6 13.4 0.07 544 497 603 660 25 7334 3261 458
1 AE 4.1 66.6 4.0 0.03 220 200 303 333 18 497 570 94
1 E 4.7 17.2 0.7 0.03 103 94 166 184 7 403 106 18
1 B 5.3 9.5 0.5 0.02 272 92 35 103 2 75 26 4
5 O 3.9 367.9 14.4 0.13 681 527 540 698 21 6647 2621 441
5 AE 4.3 47.3 2.8 0.03 195 178 243 267 14 513 304 42
5 E 4.9 16.6 0.6 0.03 100 88 166 189 6 449 79 11
5 B 5.1 8.1 0.4 0.02 231 110 35 74 2 36 9 2
12 O 3.8 448.1 12.8 0.10 499 444 898 1010 26 11,962 2281 381
12 AE 4.1 143.6 6.8 0.05 244 228 589 629 28 2110 1126 168
12 EA 4.5 30.5 0.9 0.02 76 71 400 430 12 176 188 18
12 B 5.0 36.4 1.3 0.02 328 151 111 241 4 260 174 19
12 C 5.5 4.7 0.2 0.01 664 107 7 44 0 37 n.d. n.d.
60 O 4.0 220.3 6.2 0.05 296 237 744 928 21 1091 1626 286
60 AE 4.1 60.4 2.9 0.04 161 149 375 405 18 2331 1427 222
60 EA 4.7 24.0 1.0 0.03 92 84 260 285 11 431 196 28
60 B 5.1 13.3 0.7 0.03 137 87 97 153 5 158 58 10
60 C 5.5 2.2 0.1 0.02 591 21 4 102 0 5 35 1
120 O 4.4 190.4 5.4 0.07 136 126 1402 1512 40 976 2022 371
120 A 4.2 72.1 4.0 0.05 78 73 922 991 51 390 1586 227
120 E 4.9 7.7 0.4 0.03 16 14 479 564 25 12 116 10
120 B 5.2 12.5 0.4 0.04 77 19 161 648 5 31 n.d. 2
n.d. ¼ not detected.







Zorbax Eclipse Plus C18 column (4.6! 250mm, 5 mm) at a flow rate
of 0.8 mL min"1 and an oven temperature of 40 #C. The mobile
phase A was KH2PO4 buffer (25 mM, pH 6.1, 0.45 mm filtered) and
the mobile phase B was methanol. Non-hydrolyzed substrate de-
rivatives and free 4-MU and 7-AMC were detected with a diode
array detector at a wavelength of 320 nm. The activities of both
aminopeptidases (APs) and phosphatase were expressed as nmol
substrate per gram dry soil per h.
All measured enzyme activities were also expressed on a soil ON
content basis for N-hydrolyzing enzymes and on a soil OP content
basis for phosphatase as well as on a Cmic basis.
2.6. Data analysis
Data for the genetic horizons of whole soil profiles were sepa-
rated into the main horizons O, A, E, B and C depending on site age.
Profile-based stocks (PS) of soil properties were calculated from all







½ch ! BDh ! ð100" %GhÞ ! zh( (1)
where
ah ¼ soil property stock in each horizon
h ¼ horizon number ¼ 1,., H (where H ¼ horizon, that contains
the depth of 1 m)
ch ¼ soil parameter concentration in horizon h
BDh ¼ bulk density in horizon h
%Gh ¼ gravel content (%) in horizon h
zh ¼ horizon thickness, for horizon number H only until a depth
of 1 m.
Site specific enzyme activities were calculated on a pedon
basis according to Equation (1). To relate profile-based enzyme
activities to substrate stocks (ON, OP) their ratio was calculated
and expressed as mmol h"1 kg"1 for leu-AP, ala-AP and phos-
phatase; g tyrosine 2 h"1 kg"1 for protease and g N 2 h"1 kg"1 for
urease.
We used Pearson productemoment correlation with a signifi-
cance threshold of P < 0.05 to analyze the relationship between
microbial abundances, enzyme activities and soil properties based
on log transformed data with SigmaPlot 12.3 (Systat Software Inc.,
2011e2012, San Jose, California, United States). In rare cases when
neither untransformed nor log-transformed data were normal




Soils shifted from Haplic Regosols at the youngest site
(Fig. S1a), to Stagnic Regosols and Stagnic Cambisols at the
0.5 kyr site (Fig. S1b), and to Stagnic Podzols at the older sites
(Fig. S1ceg) (IUSS Working Group WRB, 2006). At the
intermediate-aged and older sites (>1 kyr), soils exhibited thick
E horizons resulting from a combination of redoximorphic
conditions and eluviation of OM, clay, Fe and Al. Soil pH ranged
from 3.8 to 6.4 and increased with soil depth whereas topsoil pH
decreased with site age (Table 1). Soil OC and ON concentrations
were highly correlated (r ¼ 0.99, P < 0.001) and sharply declined
with soil depth at all sites. In O horizons, the OC content
increased towards the 12 kyr site (448 g kg"1) and subsequently
declined, whereas the ON content was w13 g kg"1 until 12 kyrs
Table 2





















0.06 AO 2.9 3.3 2.4 1.3 1.9 0.4 11 31 58
0.06 CA 1.8 2.9 0.8 0.5 0.3 1.1 3 17 80
0.06 C 2.2 3.6 1.3 0.5 0.4 1.5 6 31 63
0.5 OA ND ND 6.7 ND 4.9 ND ND ND ND
0.5 A 4.5 3.6 4.3 2.5 3.4 0.0 17 55 28
0.5 C 1.2 1.3 0.6 0.5 0.9 0.1 5 46 49
1 O ND ND 1.2 ND 1.7 ND ND ND ND
1 AE 1.3 1.3 2.1 1.1 1.5 0.1 12 58 30
1 E 1.4 2.0 1.2 1.8 2.1 0.6 12 55 33
1 B 5.7 6.8 2.4 2.8 3.1 1.1 5 43 52
5 O ND ND 0.7 ND 1.6 ND ND ND ND
5 AE 1.5 1.9 0.8 1.2 0.6 0.4 13 56 30
5 E 2.6 3.2 0.9 1.6 0.9 0.6 13 58 29
5 B 6.1 7.2 0.9 2.4 1.3 1.1 6 51 43
12 O ND ND 0.3 ND 0.9 ND ND ND ND
12 AE 0.6 0.6 0.4 1.0 0.8 0.0 7 56 36
12 EA 0.4 0.7 0.2 1.0 0.7 0.4 5 52 43
12 B 5.6 8.2 1.0 7.8 3.7 2.6 9 34 57
12 C 0.5 0.8 0.0 6.1 0.6 0.3 8 28 64
60 O ND ND 0.3 ND 1.3 ND ND ND ND
60 AE 0.5 0.7 0.3 1.2 0.7 0.2 11 68 20
60 EA 3.3 3.8 1.4 2.6 1.7 0.5 14 67 19
60 B 7.7 9.4 1.2 6.2 2.7 1.8 16 59 25
60 C 0.7 1.2 0.1 1.9 0.8 0.5 7 43 50
120 O ND ND 0.1 ND 0.5 ND ND ND ND
120 A 0.2 0.2 0.2 0.3 0.3 0.0 10 77 13
120 E 0.8 2.3 0.4 2.1 1.3 1.4 12 74 13
120 B 2.6 24.7 1.9 5.2 2.1 22.0 20 51 29
ND ¼ not determined.




and also declined in later stages. The Nmin content ranged from
0.01 to 0.13 g kg!1 and decreased with soil depth. Total P and OP
contents declined with increasing soil age resulting in increasing
OC:TP, OC:OP, and ON:TP ratios, whereas these ratios decreased
with soil depth.
Iron and Al oxides were enriched in B horizons, where Feo and
Alo contents, originating from poorly crystalline Fe and Al minerals
and Fe/Al-humus complexes, peaked at the 60 and 12 kyr sites,
respectively (Table 2). In contrast, the Fed content sharply
increased to 24.7 g kg!1 at the 120 kyr site. Thus, the highest Fedeo
value at this site indicates an enrichment of crystalline Fe oxides
with soil age. The Fedeo content was negatively related to soil OC
(r ¼ !0.46, P ¼ 0.038) and ON content (r ¼ !0.50, P ¼ 0.020) in
mineral horizons. Iron and Al in metal-humus complexes generally
decreased with site age in most horizons. Soil texture changed
from sand at the youngest site to a silt prevalence with increasing
soil age. The average clay content accounted for w10%, increased
with soil age in the B horizon to 20% and was positively correlated
to both OC:TP (r ¼ 0.60, P ¼ 0.003) and OC:OP ratio (r ¼ 0.53,
P ¼ 0.011).
On a pedon basis, OC and ON stocks in mineral soils down to 1m
depth increased slightly with soil age, whereas the OP stocks
declined (Fig. 1a). The presence of reactive Fe and Al phases
changed during pedogenesis in that the profile-based stocks of
poorly crystalline Fe and Al phases and Fe/Al-humus complexes
peaked at the intermediate-aged sites (1e60 kyrs) and declined
slightly thereafter due to the formation of more crystalline min-
erals. At the younger stages (0.06e1 kyrs), a greater proportion of
pedogenic soil Fe and Al resided in metalehumus complexes
((FeþAl)p:(FeþAl)o ratio > 0.63), whereas at later stages soils were
enriched in poorly crystalline Fe and Al minerals such as ferrihy-
drite and Al hydroxides ((FeþAl)p:(FeþAl)o ratio < 0.46). Profile-
based OC stocks were positively correlated to profile-based Alo
stocks (r ¼ 0.83, P ¼ 0.021), whereas profile-based ON stocks were
positively correlated to profile-based Fedeo stocks (r ¼ 0.95,
P ¼ 0.001). The profile-based clay stocks increased with site age
from 64 to 179 kg m!2 and tended to be related to profile-based ON
stocks (r ¼ 0.71, P ¼ 0.073), but not to OC stocks. The relative
proportion of profile-based OC, ON, and OP stocks in the mineral
soils changed over time due to the variable contribution of organic
layers, and were lowest at the 5 kyr site with 59, 64, and 89%
(Fig. 1b).
3.2. Potential substrate availability
The K2SO4-extractable OC fractions accounted forw1.5% of total
soil OC and increased with depth and soil age, while the NaH2PO4-
extractable OC proportions accounted for w4% and showed the
same trends (Fig. S2a). In contrast, K2SO4- and NaH2PO4-extractable
TN proportions (w1% and w5% of soil TN, respectively) rarely
changed with site age, but also increased with soil depth in most
cases (Fig. S2b).
On a pedon basis, K2SO4- and NaH2PO4-extractable OC and TN
stocks of organic layers peaked at the intermediate-aged sites
(Fig. 2a and b) similar to the soil OC and ON stocks (Fig. 1b). The
K2SO4- and NaH2PO4-extractable OC stocks in mineral soils were
minimal at the 0.06 and 12 kyr site and increased thereafter. The
behavior of K2SO4-extractable TN stocks with soil agewas similar to
the OC stocks, whereas the NaH2PO4-extractable TN stocks were
relatively constant over timewith a minimum at the 12 kyr site. For
mineral soils, the OC:TN ratios of the extractable OM fractions
tended to increase over time with the highest ratio being observed
for K2SO4-extractable OM at the 120 kyr site (Fig. 2c). The NaH2PO4-
extractable OC stocks were positively correlated to (Fe þ Al)o con-
tent (r ¼ 0.81, P ¼ 0.029), while K2SO4-extractable OC stocks were
positively correlated to Alo (r ¼ 0.76, P ¼ 0.047) and Alp content
(r ¼ 0.79, P ¼ 0.036). Furthermore, K2SO4-extractable TN stocks
were positively correlated to Alo content (r ¼ 0.80, P ¼ 0.031).
3.3. Microbial biomass and total cell counts
In general, total cell counts, Cmic and Nmic decreased with soil
depth (Table 1). Total cell counts ranged from 5.5$107 to 1.2$ 1011
cells per gram of soil and were positively correlated to Cmic
(r ¼ 0.84, P < 0.001) and Nmic (r ¼ 0.91, P < 0.001). Along the soil
chronosequence, total cell counts and microbial biomass peaked at
intermediate-aged sites (1e12 kyrs) in the O horizonwhereas there
was an inverse trend in the A horizons.
3.4. Enzyme activities
Enzyme activities decreased sharply with soil depth at all sites
(Fig. S3aee). The leu-AP and ala-AP activity patterns were nearly
equal regarding soil depth and site age (Fig. S3a and b). In the
organic layer, activities of enzymes involved in hydrolyzing N-
Fig. 1. (a) Profile-based nutrient and mineralogical stocks of mineral soils along the Franz Josef soil chronosequence. Error bars indicate standard deviation of three parallel profiles.
(b) Relative content of OC, ON and OP in organic (O) and mineral soil (Min).







containing compounds (APs, protease, urease) peaked at
intermediate-aged sites (1e12 kyrs), coinciding with the highest
microbial abundances (Table 1). In contrast, activity of phosphatase
increased with soil age in both, O and A horizons (Fig. S3e). In
eluvial and subsoil horizons, enzyme activities were low or below
the detection limit, especially in most C-horizons. In E and B hori-
zons, AP activities were relatively higher than the other enzyme
activities. Activities of N-hydrolyzing enzymes and phosphatase
were positively correlated with soil OC and ON contents (Table S1).
The correlation between phosphatase activities and soil OP content
differed between horizons.
The ON- and OP-normalized enzyme activities incorporate the
soil nutrient content. Both ON-normalized AP activities increased
with soil depth at most sites and were considerably higher for the
eluvial and subsoil horizons of the three youngest sites (Fig. 3a and
b). Activities were lowat intermediate-aged sites and henceforward
slightly increased in eluvial and subsoil horizons with site age. In
contrast, ON-normalized protease activities showedmaxima at both
the 0.06 and 12 kyr sites (Fig. 3c). The ON-normalized urease ac-
tivities decreased with soil depth and peaked in the CA horizon at
the youngest site aswell as in topsoil horizons at the two oldest sites
(Fig. 3d). The OP-normalized phosphatase activities showed a
decline with soil depth and a steady increase with site age (Fig. 3e).
In contrast to AP activities on a soil mass basis (Table S1), ON-
normalized APs were negatively correlated with soil ON content
(Fig. 4a and b), and this relationship was strongest in O horizons
while there was a greater variation in mineral soil horizons. The
relationship did not hold for ON-normalized protease activity
(Fig. 4c). The relationship between ON-normalized urease activity
and soil ON content was positive in O horizons but variable in
mineral soils (Fig. 4d). Correlations between OP-normalized phos-
phatase activities and soil OP concentrations were negatively in O,
A and E horizons, whereas in the deeper horizons a positive rela-
tionship was found (Fig. 4e).
Furthermore, ON- and OP-normalized enzyme activities in
mineral soils were correlated with mineralogical properties. Pro-
tease activities decreased with increasing clay as well as Alo content
(Fig. 5a and b). Urease activities were negatively linked to Alo and
(FeþAl)o contents (Fig. 5c and d) and phosphatase activities drop-
ped upon increasing Feo and (Fe þ Al)o contents (Fig. 5e and f).
Enzyme activities expressed per Cmic reflect activities per cell.
The AP and protease activities per Cmic were higher in eluvial
and subsoil than in topsoil horizons (Fig. S4aec), especially at
the three youngest sites, corresponding to their activities per
ON. Phosphatase activities per Cmic showed the reverse trend
with higher activities in topsoils for most sites (Fig. S4e), thus,
largely resembling OP-normalized activities. In contrast, Cmic
normalized urease activities showed no clear trend regarding
soil depth (Fig. S4d) and therefore differed from activities
per ON.
Profile-based activities of APs were lowest at the 5 kyr site
(Fig. 6a). Profile-based protease activity was maximal at the 0.06
and 12 kyr sites, whereas urease activity was lowest at the latter
(Fig. 6b). Profile-based ON:TP ratio increased with site age indi-
cating the well-documented shift from N- to P-limitation in whole
soil profiles. In contrast to the N-hydrolyzing enzymes, profile-
based phosphatase activity increased with soil age (Fig. 6c) and
was negatively correlated to TP (r ¼ #0.87, P ¼ 0.01), but positively
correlated to clay stocks (r ¼ 0.98, P < 0.001) and crystalline Fe
stocks (r ¼ 0.86, P ¼ 0.01).
3.5. Microbial abundances and enzyme activities related to
potential substrate availability
Microbial abundances (Cmic, Nmic, and total cell counts) were
positively correlated to K2SO4- and NaH2PO4-extractable OC and
TN contents. Both extractable OC and TN contents tended to be
negatively related to ON-normalized AP activities (Table 3). In
contrast, OP-normalized phosphatase activity was positively
correlated to both, K2SO4- and NaH2PO4-extractable OC and TN
contents, but ON-normalized urease activity was only positively
related to NaH2PO4-extractable OC and TN contents. These corre-
lations differed among horizons (data not shown) similar to the
observed relationship to soil OP and ON content (Fig. 4d and e). No
significant relationship was detected for ON-normalized protease
activity.
For mineral soils, profile-based leu-AP activity tended to be
positively related to NaH2PO4-extractable TN stocks (r ¼ 0.69,
P ¼ 0.084), while profile-based urease activity was positively
correlated to these TN stocks (r ¼ 0.85, P ¼ 0.016) (Fig. 6a and b).
Profile-based protease activity was negatively correlated to K2SO4-
extractable OC stocks (r ¼ #0.79, P ¼ 0.033), whereas profile-based
phosphatase activity was positively correlated to NaH2PO4-
extractable OC (r ¼ 0.88, P ¼ 0.009) (Fig. 6c).
Fig. 2. Profile-based K2SO4- and NaH2PO4-extractable OC (a) and TN stocks (b) in organic (O) and mineral soils (Min) and their OC:TN ratios for mineral soils (c) along the Franz Josef
soil chronosequence.






Mineralogical properties changed over 120 kyrs of soil devel-
opment. Secondary poorly crystalline and crystalline hydrous Fe
and Al oxides as well as clay contents became enrichedwith soil age
(Fig. 1a, Table 2). The latter might partly be ascribed to Pleistocene
loess deposition at the two oldest sites (Almond et al., 2001).
Interestingly, given the variation of field repetitions, profile-based
OC and ON stocks only weakly responded to mineralogical and
textural variations (Fig. 1a) compared to correlations reported by
other studies (see below). However, the presence of poorly crys-
talline Al phases positively affected OC accumulation, which is in
line with other studies reporting a relationship between poorly
crystalline Fe and Al oxides and OC stocks in acidic soils (Torn et al.,
1997; Masiello et al., 2004) and ON storage (based on data of
Masiello et al., 2004; Mikutta et al., 2010). Profile-based OC and ON
stocks increased slightly towards older soils that contained more
crystalline Fe and Al oxides and clay (Fig. 1a). In contrast, OP stocks
decreased, reflecting the proceeding weathering of P-containing
minerals with time.
Although environmental conditions (high OM input, high pre-
cipitation and soil leaching) and the presence of protective min-
erals should foster the accumulation and stabilization of OM in
mineral soils at the intermediate-aged sites (Torn et al., 1997;
Masiello et al., 2004; Mikutta et al., 2010), relatively less OC, ON,
and OP was bound in the mineral soil compared to organic layers
(Fig. 1a and b). This suggests that the net accumulation rate in
organic layers at these sites exceeded those of OC, ON, and OP in the
mineral soil due to a relatively large biomass production. Addi-
tionally, organic compounds leached from topsoils may be partly
removed due to interflow in the E horizon and, therefore, would not
accumulate in the underlying B horizons. This suggests a partial
Fig. 3. Enzyme activities per mg soil ON or mg soil OP in soil profiles along the Franz Josef soil chronosequence. Error bars indicate standard deviation.







decoupling of top- and subsoil environments and a lack of strong
correlations between OC and ON stocks with mineral parameters.
4.2. Potential substrate availability
The extraction with NaH2PO4 and K2SO4 gave evidence that
much less than 13% of total soil OC and TN contents were poten-
tially available (Fig. S2a and b). Particular the increase of NaH2PO4-
extractable OC and TN proportions with soil depth and age suggests
that this extractable OM was reversibly bound to variable-charge
minerals like hydrous Fe and Al oxides or clay edges and was
released upon ligand exchange with phosphate (Kaiser and Zech,
1999). Despite this, the NaH2PO4-extractable OC and TN fractions
were surprisingly small given the fact that w30% of goethite-
associated OC was desorbed in a comparable laboratory experi-
ment (Kaiser and Guggenberger, 2007). Accordingly, most OC and N
compounds in these soils, particular in the subsoils, are held in a
strongly mineral-bound fraction and are most likely protected
against rapid microbial decay (Mikutta et al., 2007) or enzymatic
hydrolysis.
4.3. Microbial abundances and enzyme activities in organic soil
layers
High OM input at intermediate-aged sites stimulated micro-
bial growth and decomposition of litter and was reflected by
higher microbial abundances (Table 1) and N-hydrolyzing
enzyme activities on soil mass basis (Fig. S3aed). Retrogressive
P-limitation (>12 kyrs) coincided with a decline in microbial
abundances (Table 1), decreasing activities of N-hydrolyzing
enzymes, but increasing phosphatase activity (Fig. S3aee).
Similar patterns have been observed in other soil chro-
nosequences developed on different parent materials (Wardle
et al., 2004).
Expressing enzyme activities on substrate basis reveals regula-
tion mechanism and possible nutrient limitation during soil
Fig. 4. Relationship between ON- or OP-normalized enzyme activities and soil ON or OP concentrations (both log-transformed). For APs regression lines were generated from data
of all horizons and for urease and phosphatase regression lines were generated for each horizon: C e O horizon, B e A horizon,; e E horizon, D e B horizon and - e C horizon.
AP activities are expressed as nmol substrate mg soil ON!1 h!1, Protease activity is expressed as mg tyrosine mg soil ON!1 2 h!1, urease activity is expressed as mg N mg soil
ON!1 2 h!1, and phosphatase activity is expressed as nmol substrate mg soil OP!1 h!1.




development. Activities of N-hydrolyzing enzymes on soil mass
basis differed from ON-normalized activities (Fig. 3aed) because
the former were disguised by a strong element gradient and an
associated shift in microbial abundances along the chronose-
quence. Regulation of enzyme activities in organic soil layers
mainly appears to depend on nutrient concentration. ON-
normalized AP activities and urease activity showed a strong
negative correlation to soil ON content (Fig. 4a, b, and d), suggesting
a down-regulation if sufficient ON is available. Similarly, OP-
normalized phosphatase activity was negatively correlated with
OP content resulting in higher activities with increasing P-limita-
tion (Fig. 4e). This relationship was also detected for most ON-
normalized enzyme activities and K2SO4- and NaH2PO4-extract-
able OC and TN contents (Table 3), suggesting that these extractable
fractions represent an important substrate source for enzymatic
reactions.
However, no such down-regulation mechanism was detected
for the ON-normalized protease activity (Fig. 4c), potentially
because of variations in substrate specificity and regulation
mechanisms of different protease classes, e.g. endo- and exoami-
nopeptidases (Vranova et al., 2013).
4.4. Microbial abundances and enzyme activities in mineral soil
Soil OC, ON, and OP concentrations in mineral soil were on
average more than 50% lower than in organic layers (Table 1),
coinciding with a very low potential substrate availability (Fig. S2a
and b). As a result, microbial abundances and enzyme activities on
soil mass basis were much lower than in organic layers (Table 1,
Fig. S3aee), indicating a decrease of absolute microbial activity in
eluvial and subsoil horizons.
In mineral soil, regulation of enzyme activities was more com-
plex because both, enzymes and their substrates are subject to
several transformation and stabilization processes, including their
interaction with minerals (Kaiser and Guggenberger, 2000). Inter-
estingly, the relationship between ON-normalized enzyme activ-
ities and soil ON concentrations differed between horizons and also
between enzymes (Fig. 4aed). For APs we found a negative rela-
tionship just as in the organic layers. Thus, the same down-
regulation mechanism seems to occur also in mineral soil, but the
broader variance suggests additional interactionswith other factors
than ON content. The relative higher activities in subsoil horizons
(Fig. S3a and b) and the missing correlation to mineralogical
Fig. 5. Relationship between ON- or OP-normalized enzyme activities and mineralogical properties (both log-transformed) in mineral soils. Protease activity is expressed as mg
tyrosine mg soil ON!1 2 h!1, urease activity is expressed as mg N mg soil ON!1 2 h!1, and phosphatase activity is expressed as nmol substrate mg soil OP!1 h!1.







parameters indicate that the AP activities were less influenced by
the investigated soil mineralogical properties. The OP-normalized
phosphatase activity was negatively correlated to soil OP content
in A and E horizons, but not in B and C horizons (Fig. 4f). Decreasing
OC:OP ratios with soil depth (Table 1) may suggest a preferred
retention of OP over that of OC especially by hydrous Fe and Al
oxides, which has been observed in sorption experiments with
dissolved OP (Kaiser, 2001) and bacteria-derived extracellular
polymeric substances (Mikutta et al., 2011). As a consequence of the
stronger interactions with OP compounds, more phosphatase per
substrate might be released by microorganisms. In contrast, ON-
normalized protease and urease activity were not related to soil
ON content in the mineral soil. Instead, these ON-normalized ac-
tivities were correlated with mineralogical properties (Fig. 5aed).
Increasing clay content associated with decreasing levels of ON-
normalized protease activity suggests an inhibition of activity
(Fig. 5a). In laboratory experiments with artificial enzymeeclay-
complexes, enzyme activities were reduced after adsorption of
enzymes onto clay surfaces (Gianfreda et al., 1991, 1992). Likewise,
Bayan and Eivazi (1999) observed a general reduction of enzyme
Fig. 6. Profile-based enzyme activities per ON or OP stocks in relation to profile-based soil property stocks along the Franz Josef soil chronosequence in mineral soils for one profile
per site. (a) Profile-based leu-AP and ala-AP per ON stocks (mmol h!1 kg!1) in relation to profile-based OC:TN ratio of K2SO4-extractable contents and profile-based K2SO4-
extractable TN stocks; (b) profile-based protease and urease activities per ON stocks (protease: g tyrosine 2 h!1 kg!1, urease: g N 2 h!1 kg!1) in relation to profile-based soil ON:TP
ratio, profile-based NaH2PO4-extractable TN stocks, and profile-based (FeþAl)o stocks, and (c) profile-based phosphatase activity per OP stock (mmol h
!1 kg!1) in relation to profile-
based TP, Fedeo, and clay stocks.




activities due to clay-sized minerals and a relationship between
lower activities and the presence of finer clay fractions.
Similar to the enzyme-clay-relations, the (FeþAl)o content,
mainly representing poorly crystalline Fe and Al minerals, was
negatively correlated to ON-normalized protease and urease ac-
tivities as well as OP-normalized phosphatase activity (Fig. 5bef).
Those minerals are considered to be the main stabilizing agents of
OM in temperate acidic subsoils (Kögel-Knabner et al., 2008; Achat
et al., 2012) and therefore may stabilize protease, urease and
phosphatase or impair access to their substrates. These processes
could alter enzyme activities and generally result in lower activities
compared to those of free enzymes (Rao and Gianfreda, 2000;
Gianfreda et al., 2002). A reduction of activity in the presence of
Fe oxides was also reported for alkaline phosphatase (Bayan and
Eivazi, 1999). Similarly, Fe and Al and other trace metals inhibit
the activity of b-glucosaminidase (Ekenler and Tabatabai, 2002)
and asparaginase (Frankenberger and Tabatabai, 1991).
On the contrary, other studies with artificial and natural soils
have demonstrated that the presence of clay or iron oxides
enhanced particular enzyme activities (Bayan and Eivazi, 1999;
Allison, 2006; Shahriari et al., 2010). Hence, there is little consis-
tency in literature related to mineral-enzyme interaction, likely
caused by differences in experimental conditions such as pH. The
latter exerts a strong control on the interaction between enzymes
and mineral surfaces by influencing the surface affinity and asso-
ciated binding strength as well as the conformation of the enzyme
(Quiquampoix et al., 1993; Kedi et al., 2013).
Generally, our data on enzyme activities in natural soils support
the view that protective soil minerals such as poorly crystalline Fe
and Al phases and clay minerals reduce most enzyme activities
through interactions with both enzymes and substrates. However,
the magnitude of these interactions varies between individual
mineral phases and also among the enzymes and substrates
considered. Although, soil mineralogical parameters appear to
trigger enzyme regulation by limiting or providing access to organic
substrates, this was not reflected by the extraction approach for the
assessment of substrate accessibilities.
4.5. Enzyme activities normalized to microbial biomass and pedon
scale
The Cmic-normalized enzyme activities of APs and proteasewere
higher in eluvial and subsoil horizons than in topsoil horizons
indicating a higher microbial activity per cell (Fig. S4aec). Similarly,
Blume et al. (2002) also detected highest activities normalized to
microbial abundances in deeper soil (0.5e0.9 m). These higher
activities of N-hydrolyzing enzymes suggest that microbes in
eluvial and subsoil horizons, especially at the younger sites, were
rather N-limited (Fig. S4aec). In contrast, Cmic-normalized phos-
phatase activity decreased with soil depth (Fig. S4e). This indicates
that the subsoil microbial community is more efficient or adapted
for P cycling as OP concentrations were small and P compounds
were fixed to secondary minerals at the older sites. A different
pattern existed for Cmic-normalized urease activity, in that eluvial
and subsoil horizon activities on the younger sites were higher or
equal to topsoil activities, whereas at the three older sites topsoil
activities were higher (Fig. S4d). This suggests that urease activity
was regulated by soil ON as well as OP content or rather responded
to N- and P-limitation. A potential source of urea in soils is the
degradation of nucleic acids (Hasan, 2000), which would also
release P compounds. The topsoil DNA concentration increased
with soil age and decreased after a maximum at the 0.5e12 kyr
sites, whereas the proportion of DNA to total OP increased with site
age to w25% (Turner et al., 2007). Therefore, DNA became an
important, but also limited source of OP at the older sites and
stimulated urease activity.
Enzyme activities on a pedon basis normalized to ON and OP
stocks reflect nutrient limitations during long-term ecosystem
development for whole soil profiles. Profile-based activities of N-
hydrolyzing enzymes differed from each other with respect to soil
age (Fig. 6a and b). Nitrogen-limitation at younger sites, as
described for forest development by Richardson et al. (2004),
seems to extend also to the belowground ecosystem and is reflected
in higher profile-based activities of APs (0.06e1 kyrs), protease
(only 0.06 kyrs), and urease (0.06e0.5 kyrs). Maximal aboveground
biomass (Richardson et al., 2004) and larger N allocation as sug-
gested by the high extractable ON stocks in O horizons at
intermediate-aged sites (Fig. 2a and b) probably compensate N
limitation in topsoils. For subsoils, the narrow OC:TN ratio of labile
OM as estimated by K2SO4 extraction of fresh mineral soil suggests
a lower N demand (Fig. 2c). Further, low enzymatic activities were
likely facilitated by the sorption of OM or enzymes to protective
poorly crystalline Fe and Al oxides (Fig. 6a and b). These processes
resulted in an overall reduced pedon-based N hydrolytic activity at
intermediate-aged sites. At the two oldest sites, less OM was
extracted from the organic layers (Fig. 2a and b), thus pointing
towards a lower input of C and N into mineral soil, and also the
OC:TN ratio (5e10 versus 80) of this OM at the oldest sitewas much
wider (data not shown). Similarly, the OC:TN ratio of the easily
extractable OM in the mineral soil was wider (Fig. 2c). In microbial
ecology, as rule of thumb, substrate C:N ratios of >w25 force mi-
croorganisms to invest into N mining and thus enzyme production
to maintain their N demands (Robertson and Groffman, 2007). The
wide C:N ratios of the K2SO4-extractable OM pool (32 and 49),
therefore, help to explain the higher N profile-based activities of
APs and urease at the oldest sites.
In contrast, phosphatase showed a consistent trend along the
soil chronosequence that reflects the P-limitation gradient induced
by secondary minerals. Increases in stocks of crystalline Fe and
clay-sized minerals along with decreasing profile-based TP stocks
caused a higher investment of microorganisms in P acquisition
(Fig. 6c).
Overall, our data indicate a long-term mineralogical impact on
N-hydrolyzing and P-hydrolyzing enzymes and their substrates
during soil formation at both the horizon level and for whole
profiles. The strength of these mineralogical effects differs among
N-hydrolyzing enzymes, whereas there is a strong mineralogical
influence on P content and phosphatase activity. This could be
Table 3
Pearson correlation coefficient matrix for ON- and OP-normalized enzyme activities and K2SO4- and NaH2PO4-extractable OC and TN content based on log-transformed data. P-
value and n in parentheses. Significant relationships are indicated by bold font (r > 0.5; P < 0.05).
Leu-AP/ON
(nmol mg ON"1 h"1)
Ala-AP/ON
(nmol mg ON"1 h"1)
Phosphatase/OP
(nmol mg OP"1 h"1)
Protease/ON
(mg tyrosine mg ON"1 2 h"1)
Urease/ON
(mg N mg ON"1 2 h"1)
OC (NaH2PO4) (g kg
"1) L0.52 (0.008, 25) "0.39 (0.069, 23) 0.59 (0.002, 26) "0.06 (0.772, 23) 0.40 (0.038, 27)
TN (NaH2PO4) (g kg
"1) L0.51 (0.010, 25) "0.41 (0.049, 23) 0.66 (<0.001, 26) 0.18 (0.410, 23) 0.58 (0.002, 27)
OC (K2SO4) (g kg
"1) "0.43 (0.031, 25) "0.32 (0.134, 23) 0.51 (0.008, 26) "0.38 (0.074, 23) 0.24 (0.233, 27)
TN (K2SO4) (g kg
"1) "0.46 (0.023, 25) "0.41 (0.052, 23) 0.66 (<0.001, 26) 0.07 (0.758, 23) 0.47 (0.014, 27)







explained by the relatively more complex interactions involved
with N, whereby ON is distributed among several substance classes
(Sinsabaugh et al., 2008) and secondary soil minerals can interact
differently with contrasting ON pools (Mikutta et al., 2010).
4.6. Conclusions
This study demonstrates that long-term changes in mineral
assemblage differently impacts N and P cycling in natural soil
ecosystems. Although regulation of enzyme activities in organic
layers depends primarily on ON and OP concentrations, in-
teractions in mineral soil were more complex and include both,
direct and indirect effects. Aminopeptidases seem to be less
affected by mineralogical properties, whereas protease, urease and
phosphatase activities were inhibited likely by sorptive interactions
with clay-sized minerals including poorly crystalline Fe and Al
oxides. On a pedon basis, the accumulation of poorly crystalline Fe
and Al oxides at intermediate-aged soils results in slower ON
turnover, whereas increasing crystalline Fe oxides and clay content
coincided with higher phosphatase activity due to substrate limi-
tation. Beside direct protection of substrates and enzymes by
minerals, the quality of the soil solution, reflected by the OC:TN
ratio of the labile K2SO4-extractable OM, also appears important for
the regulation of N enzymatic activities. Our results imply that soil
forming processes alter long-term nutrient cycling during
ecosystem development and highlight the role of soil minerals in
regulating nutrient supply for microorganisms and plants, and ul-
timately many soil ecosystem processes.
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Table S1 3 
Pearson correlation coefficient matrix for enzyme activities (on soil mass basis) and soil OC, 4 
ON, and OP contents based on log-transformed data. P-value and n in parentheses.    5 
 OC (g kg
-1
) ON (g kg
-1
) OP (mg kg
-1
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) (< 0.001, 25) (< 0.001, 25) (0.004, 25) 





) (0.012, 23) (0.009, 23) (0.051, 23) 





) (< 0.001, 26) (< 0.001, 26) (< 0.001, 26) 





) (< 0.001, 23) (< 0.001, 23) (< 0.001, 23) 





) (< 0.001, 27) (< 0.001, 27) (< 0.001, 27) 
* r(O horizon) = -0.54 (P = 0.274, n = 6), 6 
r(A horizon) = -0.26 (P = 0.570, n = 7), 7 
r(E horizon) = -0.61 (P = 0.273, n = 5), 8 
r(B horizon) = 0.93 (P = 0.069, n = 4), 9 








Fig. S1. Depth profiles of all seven sampling sites along the Franz Josef soil chronosequence 13 
showing soil development stages: (a) 0.06 kyrs, (b) 0.5 kyrs, (c) 1 kyrs, (d) 5 kyrs, (e) 12 kyrs, 14 
(f) 60 kyrs and (g) 120 kyrs. 15 










Fig. S2. Proportions of K2SO4- and NaH2PO4-extractable OC (a) and TN contents (b) in soil 18 
profiles along the Franz Josef chronosequence.  Error bars indicate standard deviation.  19 







Fig. S3. Enzyme activities per gram dry soil in soil profiles along the Franz Josef soil 22 
chronosequence. Error bars indicate standard deviation.  23 
 24 










Fig. S4. Enzyme activities per µg Cmic in topsoil horizons (O and A) versus eluvial and 27 
subsoil horizons (E, B, C) at the different stages of the Franz Josef soil chronosequence. Error 28 





4.2.3 Manuscript 3: 120,000 years of soil ecosystem development results in distinct 
nitrogen cycling microbial communities 
 


















Geomicrobiology, Federal Institute for Geosciences and Natural Resources (BGR), Hannover, Germany
 a
; 
Soil Science and Soil Protection, Martin-Luther-Universität Halle-Wittenberg, Halle (Saale), Germany
 b
; 
Institute of Soil Science, Leibniz Universität Hannover, Hannover, Germany
 c
; Institute of Biostatistics, 
Leibniz Universität Hannover, Hannover, Germany
 d
; Technical Mineralogy and Clay Mineralogy, Federal 




Running head: Nitrogen Cycling Communities Along Soil Chronosequence 
 
#Address correspondence to Stephanie Turner, sturner.bio@gmail.com 
*Present address: Stephanie Turner, Centre for Ecology and Evolution in Microbial Model Systems 








Soil microorganisms are key players of the nitrogen (N) cycle by mediating most N 
transformation processes and play an important role in soil development. While the dynamics of N cycling 
microorganisms during initial soil development are already well investigated, knowledge about their 
patterns during long-term ecosystem development is restricted. In this study, N functional genes of 
ammonia-oxidizers (amoA), nitrate reducers (narG), and chitin degraders (chiA) were determined via  
quantitative PCR and functional community composition of archaeal ammonia-oxidizers was analyzed via 
clone libraries (amoA) in soil depth profiles along the 120,000 year old Franz Josef chronosequence (New 
Zealand). The results showed that N functional gene abundances change significantly during long-term 
soil development. In organic topsoils, narG and chiA gene abundances increased from young to 
intermediate-aged soils and then decreased following progressive and retrogressive development of the 
vegetation. While the proportion of the archaeal amoA gene abundance to total cell counts decreased in the 
oldest phosphorus-limited topsoils, the proportion of narG and chiA gene abundances remained constant. 
In subsoils, archaeal amoA and narG gene abundances also decreased with ecosystem retrogression 
coinciding with the increasing content of iron and aluminum oxides and other clay-sized minerals. 
However, chiA gene abundances were hardly affected by soil age. The analysis of the archaeal amoA 
community revealed a compositional shift during long-term ecosystem development. Our study provides 
evidence that the dynamics of N cycling microorganisms in top- and subsoils are significantly affected by 
long-term ecosystem development and suggests a potential role of the mineral phase in subsoils. 
IMPORTANCE 
Nitrogen cycling microbial communities are of particular importance for soil ecosystems 
because of their relevance for soil productivity and plant growth. Recent studies revealed the dynamics of 
N cycling microbial communities during the early stage of ecosystem and soil development. Soil 
microorganisms import and provide N into the young soil system as an important macronutrient for 




cycling microbial communities during long-term ecosystem development including the retrogressive 
phase are poorly understood. Thus, our study extends the ecological understanding of N cycling 
community dynamics during long-term soil development and analyzes the influence of different soil and 
mineralogical properties on these dynamics in top- and subsoils. Our results reveal that abundance patterns 
of N cycling microbial communities not only change during early ecosystem development but also over 








In soil ecosystems, microbial communities act as key players of nitrogen (N) cycling by 
mediating most N transformation processes. During the early stage of pedogenesis, e.g. after glacier 
retreat, the parental material is colonized by pioneer microorganisms that are responsible for biological 
weathering and create interfaces for nutrient turnover, e.g. in biofilms (Schulz et al., 2013). At the initial 
stage of soil development most N derives from N deposition that supports microbial biomass production 
and facilitate the establishment of plant communities (Brankatschk et al., 2011; Schulz et al., 2013). 
Biomass, in turn, stimulates N mineralization processes, e.g. the decomposition of soil organic matter 
(SOM), as reflected by high relative protease and chitinase activities.  
With increasing plant coverage, N2-fixing microorganisms become more and more important in 
N acquisition as revealed by higher nifH gene abundances and N2-fixation rates (Brankatschk et al., 2011; 
Nemergut et al., 2007; Schulz et al., 2013). Percentages of genes for nitrate reducers (narG) and 
denitrifiers (nirK) in relation to 16S rRNA gene abundances were higher as compared to later stages 
(Kandeler et al., 2006). The N cycle in the vegetated, more developed soils becomes more complex as 
reflected by increasing abundances of N2-fixers (nifH), ammonia-oxidizers (amoA), and denitrifiers (nirK 
and nosZ) as well as increasing N cycle related activities such as N2-fixation, nitrification and 
denitrification rates (Brankatschk et al., 2011; Kandeler et al., 2006; Schulz et al., 2013; Töwe et al., 
2010). The functional diversity of the soil microbial communities is highest in developed soils and the 
composition of N functional communities such as N2-fixing bacteria (nifH), archaeal and bacterial 
ammonia-oxidizers (amoA), and denitrifiers (nosZ) is significantly affected by soil age (Schulz et al., 
2013; Tscherko et al., 2003; Zeng et al., 2016). 
To analyze such dynamics of N cycling microorganisms during soil development, a 
chronosequence approach provides the unique opportunity of investigating at the same time soils of 
different age but derived from the same parent material under similar climatic conditions (Stevens and 
Walker, 1970). While abundances and activities of N cycling microorganisms during ecosystem 




2006; Tscherko et al., 2003; Zeng et al., 2016), the knowledge about the long-term patterns including 
retrogressive development stages is limited. Retrogression, i.e. the decline in ecosystem productivity and 
plant biomass, occurs after thousands to millions years of ecosystem development due to a decreasing 
nutrient availability (Peltzer et al., 2010) and coincides with a decrease in microbial biomass and activities 
(Allison et al., 2007; Turner et al., 2014; Wardle et al., 2004). Moreover, information is scarce about 
microbial N cycling in deeper soil horizons and how they develop with ongoing soil age, because most of 
the previous studies focus on topsoil microbial patterns (Brankatschk et al., 2011; Nemergut et al., 2007; 
Töwe et al., 2010; Tscherko et al., 2003). 
Additionally, soil chronosequences are an excellent tool to identify the soil parameters that may 
drive N functional abundance and diversity patterns during soil development. Previous studies about N 
cycling microbial communities during primary succession reported that abundances of protein degraders 
(aprA), chitin degraders (chiA), archaeal ammonia oxidizers (amoA), nitrate reducers (narG) and 
denitrifiers (nirK and nosZ) were positively related to the organic carbon (OC) content, N content and pH 
(only narG) (Brankatschk et al., 2011; Kandeler et al., 2006). The N functional community composition 
was mainly correlated to soil total C and TN content (Zeng et al., 2016). A microcosm incubation 
experiment with soils of a long-term chronosequence showed that microbial N cycling activities and N 
functional gene abundances were significantly affected by soil mineralogical properties with the effect 
varying between different N substrate types, i.e. ON, ammonium or nitrate (Turner et al., 2017a).  
With increasing soil age, especially in subsoils, the contents of iron (Fe) and aluminum (Al) 
(hydr)oxides and other clay-sized minerals increase and might interact with the microbial community, e.g. 
by constraining substrate availability due to sorption to soil minerals (Dippold et al., 2014; Mikutta et al., 
2009; Tarlera et al., 2008; Turner et al., 2014). While nitrate is highly mobile in soils, ammonium could be 
sorbed to clay surfaces or fixed into clay interlayers and N-containing compounds such as proteins are 
accumulated in SOM that is stabilized by metal oxides (Knicker, 2011; Nieder et al., 2011; Pronk et al., 
2013). The O2 content could also considerably change with soil depth depending on water saturation and 







regime greatly impacts microbial N cycling by acting as a switch between oxic and anoxic N cycling 
pathways (Pett-Ridge et al., 2006). 
Therefore, our main research questions were (i) how do N functional abundances and 
community composition change during long-term soil development including retrogression in top- vs. 
subsoils and (ii) which soil properties potentially influence N functional abundances and community 
composition dynamics? To clarify these questions we determined abundances of functional marker genes 
for N cycling microorganisms (archaeal and bacterial amoA, narG and chiA) by qPCR and we investigated 
the N functional community composition by the example of archaeal ammonia oxidizers (AOA) along the 
120,000 year old Franz Josef soil chronosequence (New Zealand). In addition, we analyzed the 
relationship between microbial patterns and soil parameters including chemical and mineralogical soil 
characteristics. We hypothesize that (i) topsoil abundances of N cycling microorganisms follow patterns 
of progressive and retrogressive ecosystem development similar to general microbial abundances and 
vegetation due to changing SOM and nutrient contents, (ii) depending on their substrate type subsoil 
abundances of N cycling microorganisms might be affected by soil mineralogical properties in accordance 
with results of laboratory incubation experiments (Turner et al, 2017a), i.e. gene abundances related to 
ammonium and ON transformation are reduced by an increasing content of clay-sized minerals and Fe and 
Al oxides with soil age due to constrained substrate availability, and (iii) similar to N functional 
community composition during early soil development, archaeal amoA functional community composition 
changes during long-term ecosystem development. 
RESULTS 
Abundances of N functional genes 
Abundances of all N functional genes, i.e. archaeal and bacterial amoA, narG, and chiA, 
decreased with soil depth by up to five orders of magnitude (Fig. 1, Fig. S1). The N functional gene 
abundances in organic and mineral topsoils (O and A horizon, respectively) were relatively similar with 




Further, almost all N functional gene abundances were significantly affected by the type of soil horizon in 
top- and subsoils, and additionally by soil depth in subsoils (Table 2). Archaeal amoA genes were detected 
in almost all mineral soil horizons along the Franz Josef chronosequence with highest numbers in mineral 
topsoils, whereas they were low or even below detection limit in some organic topsoils (5, 60 and 120 kyr; 
Fig. 1). The archaeal amoA gene copy numbers were one to two orders of magnitude lower in older 
mineral topsoils (60 and 120 kyr) as compared to the young to intermediate-aged ones. Bacterial amoA 
genes were only detected in the youngest soil (0.06 kyr) in the AO and CA horizons (Fig. S1). Gene copy 
numbers of narG and chiA were highest in organic topsoils and were significantly affected by soil age 
(Fig. 1, Table 2). Both abundances were maximal at 5 kyr (and 0.5 kyr for narG) in organic topsoils and 
then decreased with soil age, whereas in mineral topsoils both decreased until 5 kyr, were then one order 
of magnitude higher at 12 and 60 kyrs, and again decreased being lowest at the 120 kyr site similar to 
values at the 5 kyr site (Fig. 1). In subsoils, the archaeal amoA gene abundance was significantly affected 
by soil age and decreased in E and B horizons with increasing soil age (Fig. 1, Table 2). Subsoil narG 
gene copy numbers also significantly changed with soil age being lowest at the 120 kyr site, whereas chiA 
gene copy numbers showed only a weak age effect with lower abundances at the 120 kyr site only in E 
horizons.  
Archaeal amoA gene copy numbers were positively correlated with archaeal 16S rRNA gene 
copy numbers (r = 0.64, P < 0.001). Gene copy numbers of narG and chiA were highly positively 
correlated with bacterial rRNA gene copy numbers (r = 0.97, P < 0.001 and r = 0.96, P < 0.001, 
respectively). All N functional gene copy numbers were positively correlated with soil OC, TN, ON and 
OP content with stronger relationships for narG and chiA compared to archaeal amoA (Table 3). However, 
archaeal amoA gene copy numbers were not correlated to the ammonium content. Similarly, narG gene 







Abundances of N functional genes normalized to TCC and TN 
Similar to soil mass related archaeal amoA gene abundances, the TCC-normalized numbers were 
one to two orders of magnitude lower in mineral topsoils of the two oldest sites than of the younger sites 
(Fig. 2). While the TCC-normalized narG gene abundances were significantly affected by soil age in 
topsoils, TCC-normalized chiA gene abundances remained almost constant during soil development 
(Table 2). However, both were highest at the two oldest sites (Fig. 2). Subsoil TCC-normalized archaeal 
amoA abundance decreased with soil age in B horizons, whereas TCC-normalized narG and chiA gene 
abundances showed no soil age effect (Table 2). 
The subsoil TN-normalized archaeal amoA and narG gene abundances were significantly 
affected by soil age showing a decrease with increasing soil age (Table 2, Fig. S2). A PCA of 
TN-normalized N functional gene abundances with the best-fitting soil properties as supplementary 
variables revealed that soil mineralogical properties such as the content of Fe oxides and clay-sized 
minerals were important parameters fitting best the variation gradients of the N functional gene 
abundances (Fig. 3). Moreover, the archaeal amoA gene abundance was negatively related to soil clay 
content, while narG and chiA gene abundances were positively related to OC content and negatively 
related to content of Fe oxides and clay. Spearman correlation coefficients that were calculated for mineral 
topsoil and subsoils indicated a predominant negative relationship between N functional gene abundances 
and soil mineralogical properties in subsoils (Table S2). Further, archaeal amoA gene abundances were 
positively correlated to the OP and the sand content, while narG gene abundances were positively 
correlated to the ON and the OC content and negatively to the pH.   
Functional community composition of AOA (amoA) 
The functional community composition of AOA was determined via sequencing of clone 
libraries of the functional marker gene amoA and resulted in five OTUs (threshold distance 0.15). The 
archaeal amoA community composition changed with soil age with a dominance of OTU1 and OTU2 at 




oldest site (Fig. 4). Clustering of the archaeal amoA sequences at a threshold distance of 0.05 resulted in 
20 OTUs with similar age-related patterns of functional community composition as compared to the 
threshold distance of 0.15 (Fig. S3). Most archaeal amoA OTUs were related to ‘Candidatus Nitrosotalea 
devanaterra’ (OTU1 and OTU3) or the Nitrosotalea cluster (OTU2), whereas the OTU4 was affiliated 
with Nitrososphaera subcluster 7.2 (Table S3, Fig. S4). The closest cultivated representatives to OTU4 
and OTU5 were ‘Candidatus Nitrososphaera evergladensis SR1’ (sequence identity of 79%) and 
‘Nitrosopumilus maritimus isolate SF_AOA_A07’ (sequence identity of 81%), respectively (Table S3).  
DISCUSSION 
Abundances of N cycling microorganisms in topsoils along the chronosequence 
To elucidate the dynamics of N cycling microorganisms over 120 kyr of soil development, we 
quantified N functional marker genes (amoA, narG, and chiA) via qPCR (Fig. 1). Overall, archaea rather 
than bacteria quantitatively dominate the ammonia-oxidizers in soils at the Franz Josef chronosequence 
(Fig. S1). With decreasing soil pH the AOA may outcompete the AOB at pH < 5.5 (Prosser and Nicol, 
2012; Stempfhuber et al., 2015) and therefore bacterial amoA genes were only detected at the youngest 
site with pH ~ 6 (Turner et al., 2014). Generally low archaeal amoA gene abundances in organic topsoils 
along the chronosequence (Fig. 1) may be explained by an inhibition of AOA due to high ammonium 
concentration derived from high SOM mineralization rates (Norman and Barrett, 2014). Even though there 
was no significant soil age effect in topsoils (Table 2), the archaeal amoA gene abundances in mineral 
topsoils (A horizon) were lower at the two oldest sites compared to the younger soils, similar to subsoil 
patterns (see below; Fig. 1).  
In contrast to archaeal amoA, narG and chiA gene copy numbers were highest in organic 
topsoils, thereby increasing towards intermediate-aged soils (progression) and then decreasing during 
retrogressive ecosystem development (Fig. 1) matching patterns of general microbial abundances, 
extracellular N hydrolyzing enzyme activities, and vegetation development (Allison et al., 2007; 







denitrification or dissimilatory nitrate reduction to ammonium (DNRA) is widespread among 
heterotrophic microorganism, while chitin-degrading bacteria play an important role in the mineralization 
of ON (Beier and Bertilsson, 2013). Thus, also abundances of nitrate reducers (narG) and chitin degraders 
(chiA) seem to be stimulated directly and indirectly by the high SOM input via plant litter at intermediate-
aged soils (Richardson et al., 2004). This observation is supported by the strong positive correlations 
between narG and chiA gene copy numbers and the soil OC and ON content in complete soil profiles of 
the Franz Josef chronosequence (Table 3). Similarly, previous studies reported that the OC and ON 
content are one of the most important soil properties determining N functional gene abundances in topsoils 
of glacier forelands (Kandeler et al., 2006; Zeng et al., 2016). 
The relative gene abundance of archaeal amoA normalized to total DNA content was constant 
during early soil development of a Swiss glacier till 2000 yr (Brankatschk et al., 2011). In contrast, during 
long-term soil development at the Franz Josef chronosequence the ratio of archaeal amoA gene copy 
numbers to TCC was almost two orders of magnitude lower at the older sites as compared to intermediate-
aged soils in mineral topsoils (Fig. 2). Topsoils at the oldest development stage are highly P depleted 
(OC:TP ratio 922-1402; Turner et al., 2014) causing a high level of chronic nutrient stress. Different 
studies reported contrasting effects of P content on AOA abundance. Whereas P addition resulted in a 
decrease or unchanged AOA abundances in grassland soils, their abundance increased in an incubation 
experiment with fertilized forest soil (Ma et al., 2016; Norman and Barrett, 2014; Zhang et al., 2013). In 
contrast, in P deficient soils AOA abundances showed no significant changes due to P addition in a pot 
experiment and also in a microcosm incubation experiment with A horizons of the Franz Josef 
chronosequence (Chen et al., 2016; Turner et al., 2017a). These results suggest that P is not the decisive 
factor determining AOA abundance patterns in old topsoils.  
Former studies showed that relative abundances of narG gene copy numbers normalized to total 
DNA content decreased during early soil development (Kandeler et al., 2006), whereas relative 
abundances of chiA gene copy numbers remained constant (Brankatschk et al., 2011). Although topsoils 




numbers to TCC were highest at 60 or 120 kyr (Fig. 2). Abundances of narG gene seem to be relatively 
unaffected by P depletion because there is evidence that P addition leads to a decrease or unchanged 
abundances, even in P limited soils (Ma et al., 2016; Turner et al., 2017a). However, chiA gene copy 
numbers were increased due to P addition in an incubation experiment with A horizon soils of the Franz 
Josef chronosequence suggesting a potential P limitation of chitin-degrading bacteria (Turner et al., 
2017a). High phosphatase activities per microbial biomass in the 120 kyr topsoil of the Franz Josef 
chronosequence indicated that topsoil microbial communities are adapted to P limitation, thus, could 
efficiently use the small amounts of available P entering as plant residues or recycled from microbial 
biomass (Turner et al., 2013, 2014). In addition, topsoil communities might be not energy-limited because 
there is still a considerable SOM input via plant litter from the aboveground forest (Richardson et al., 
2004). Therefore, heterotrophic bacteria, including narG and chiA functional groups, might be favored 
compared to AOAs in these topsoils despite the extreme P limitation. 
Abundances of N cycling microorganisms in subsoils along the chronosequence 
In low-substrate and SOM-depleted mineral soil horizons, archaeal amoA genes were abundant 
and widespread throughout the progressive ecosystem development (Fig. 1) demonstrating their 
adaptation to oligotrophic habitats, e.g. by an energy-efficient CO2-fixation pathway (Könneke et al., 
2014; Norman and Barrett, 2014). Nevertheless, similar to mineral topsoil patterns, subsoil archaeal amoA 
gene copy numbers decreased during ecosystem retrogression. Subsoils, especially B horizons, at older 
development stages were enriched in Fe and Al oxides and other clay-sized minerals with the latter 
offering negatively charged surfaces that could bind positively charged ions such as ammonium or fix 
them into the clay interlayers (Nieder et al., 2011). The incubation experiment analyzing differently-aged 
soil samples of the Franz Josef chronosequence reported lower archaeal amoA gene copy numbers 
coinciding with higher contents of Fe and Al oxides and clay-sized minerals (Turner et al., 2017a).In line 
with this explanation, TN-normalized archaeal amoA gene abundances in the present study were 







substrate availability for AOA, consequently resulting in a decrease of archaeal amoA gene abundances 
and ratios to TCC during retrogression in subsoils.  
In contrast to the results of the incubation experiment where narG gene abundances were not 
significantly affected by soil age (Turner et al., 2017a), in the present study the narG gene abundances on 
soil mass basis and normalized to TN were lower at 60 and 120 kyr in subsoil horizons with an significant 
effect of soil age (Fig. 1, Fig. S2, Table 2). However, for the incubation experiment soil samples of A 
horizons were used and apparently showed a different trend than subsoil horizon. While subsoil microbial 
communities could be energy-limited (Fontaine et al., 2007), a general decrease of SOM in connection 
with a constrained SOM availability due to mineral interaction (especially in B horizons) may inhibit 
heterotrophic microorganisms in subsoils, particularly at old development stages at the Franz Josef 
chronosequence. Thus, while the substrate nitrate most likely is not affected by soil-age related changes in 
mineralogical characteristics, nitrate reducers as predominantly heterotrophic microorganisms might be 
inhibited due to the decreased SOM availability. This hypothesis is supported by positive correlations 
between TN-normalized narG abundances and soil OC and ON, whereas TN-normalized narG 
abundances were negatively related to soil mineralogical properties (Fig. 3, Table S2). 
Although chitin degraders are also heterotrophs and results of the incubation experiment 
revealed that chiA gene abundances were affected by soil age (Turner et al., 2017a), the soil mass basis 
and TN-normalized chiA gene abundances remained relatively constant during progression and 
retrogression in subsoils in the present study (Fig. 1, Fig. S2). However, this effect seem to be less 
pronounced in subsoil horizons (Table 2). In soils, active bacterial chitin-degraders were often affiliated 
with the Actinomycetes that are mostly aerobes and produce spores (Beier and Bertilsson, 2013). Hence, 
chiA genes detected in subsoil horizon may be transferred from the overlaying topsoil by the high 
precipitation (Richardson et al., 2004) and chiA gene copy numbers may mainly derive from inactive 
chitin-degraders or spores formed due to unfavorable conditions. Consequently, these inactive chitin-




Functional community composition of AOA along the chronosequence 
Previous studies revealed that the functional AOA community composition significantly 
changed during early soil development after glacier retreat or volcanic eruption (Hernández et al., 2014; 
Zeng et al., 2016). Our results indicated that the functional AOA community composition also changed 
during long-term soil development corresponding to the compositional shift of total archaeal communities 
(Fig. 4; Turner et al., 2017b). However, compared to total archaeal communities, the compositional 
changes in the functional AOA community were less pronounced showing similar communities in young 
and old soils with most amoA sequences being affiliated with the Nitrosotalea cluster with ‘Candidatus 
Nitrosotalea devanaterra’ originally isolated from an acidic agricultural soil (Lehtovirta-Morley et al., 
2011). The OTU4 that was abundant at the 12 kyr site was affiliated with Nitrososphaera subcluster 7.2 
(Fig. S4), similar to the dominant subcluster reported for a tropical rain forest soil (Pester et al., 2012).  
CONCLUSION 
Our study indicated that the abundances of N cycling microorganisms considerably change 
during long-term ecosystem development. In organic topsoils, narG and chiA gene abundances, 
representing mostly heterotrophs, increased during ecosystem progression and declined in retrogression 
matching patterns of vegetation development, SOM input, and general microbial abundances. The 
proportion of narG and chiA gene abundances to TCC even remained constant suggesting an adaptation of 
topsoil communities to increasing P limitation as reflected by high phosphatase activity. In contrast, 
archaeal amoA gene abundances were decreased in most organic topsoils and the proportion of archaeal 
amoA genes to TCC in mineral topsoils declined during retrogression. In subsoils, pedogenesis-associated 
changes such as the increasing content of Fe and Al oxides as well as other clay-sized minerals may 
decrease archaeal amoA gene abundances at the retrogressive stage probably by constraining the substrate 
availability. Similarly, narG abundances decreased in the oldest subsoils because most nitrate reducers do 
not only require nitrate but also organic compounds that also might be sequestrated by soil minerals. 







of short-term development, the functional community composition of AOA slightly changed during long-
term ecosystem development. 
In summary, our results revealed that the abundance of each N functional gene was differently 
affected in top- and subsoils by long-term soil development that is not only linked to changes in C and 
nutrients contents, but also to a mineralogical gradient. Thus, to gain a better understanding of the 
dynamics of N cycling microorganisms, further N functional genes should be investigated in soil profiles 
at different long-term chronosequences. 
MATERIAL AND METHODS 
Site description and soil sampling 
The Franz Josef chronosequence (~43° S, 170° E) is located on the West Coast of the South 
Island of New Zealand and is characterized by humid temperate climate with high mean annual 
precipitation of 3500 – 6500 mm (Richardson et al., 2004). Soil development started from greywacke and 
mica schist with the retreat of the Franz Josef glacier and the chronosequences comprises soils covering a 
time scale of 120,000 years (120 kyr) until present (Almond et al., 2001; Stevens, 1968). Seven sites with 
soil ages ranging from 0.06 to 120 kyr were sampled in January 2012 and at each site three soil profiles 
(replicates) up to one meter depth were excavated and each genetic horizon was sampled. Soil depth 
profiles contain organic topsoils (O horizon), mineral topsoils (A horizon), and subsoils with eluvial 
horizons (E horizon), mineral subsoils (B horizon) and parent material (C horizon); the respective 
horizons per site are listed in Table S1. Details on site characteristics and soil properties are given in Table 
S1 based on (Turner et al., 2014). For molecular analyses, soil samples were frozen and stored at -20°C 
until analysis. 
Soil pH ranges from 3.8 to 6.4 with highest values in the youngest soil (0.06 kyr) and increasing 
values with soil depth (Table S1). The soils are characterized by a C, nutrient and mineralogical gradient 
with highest soil OC and ON contents at the intermediate-aged sites and a sharp decline in total P (TP) 




is characterized by an increasing content of clay-sized minerals, changes in the clay mineral assemblage, 
and a shift from a large portion of pedogenic Fe and Al residing in metal-humus complexes 
(pyrophosphate-extractable Fe and Al; Fep, Alp) at the younger sites, to more poorly crystalline Fe and Al 
phases (oxalate-extractable Fe and Al; Feo, Alo) at intermediate-aged sites and into a dominance of 
crystalline Fe and clay-sized minerals (dithionite-citrate-extractable Fe minus oxalate-extractable Fe; Fed-
o) at the oldest site (Table S1; Dietel et al., 2016). The soils are covered by rainforest that is dominated by 
evergreen angiosperms and the vegetation shows progressive and retrogressive development phases 
(Richardson et al., 2004). The total cell counts (TCC) were determined by SYBR Green I staining of 
formaldehyde-fixed soil samples and ranged from 5.5 × 107 to 1.2 × 1011 cells per gram of soil and were 
highest at intermediate-aged soils in organic topsoils (Table S1). 
Nucleic acid extraction and quantification of functional marker genes 
Nucleic acids of soil samples were extracted in triplicate according to the manufacturer’s 
protocol (FastDNA® Spin Kit for Soil, MP Biomedicals, Santa Ana, CA, US) with some modifications 
(Webster et al., 2003).  
To characterize the abundance of different N cycling microorganisms using different substrates 
(ammonium, nitrate, and ON), we quantified marker genes for ammonia oxidation as the first step of 
nitrification (archaeal and bacterial amoA), for nitrate reduction (narG), and for bacterial chitin 
degradation (chiA), with chitin representing a complex ON compound common in soils, via qPCR as 
described previously (Turner et al., 2017a). Briefly, qPCR was performed by using a StepOnePlus™ Real-
Time PCR System (Applied Biosystems, Life Technologies, Carlsbad, CA, US) and SYBR® Green I 
chemistry (Table 1). For the archaeal amoA and chiA assays we used FastStart Universal SYBR Green 
Master (ROX) (Roche, Rotkreuz, Switzerland), for bacterial amoA assay we used Platinum SYBR Green 
qPCR SuperMix-UDG with ROX (Life Technologies, Carlsbad, CA, US), and for narG assay we used 
ABsolute QPCR SYBR Green ROX Mix (Thermo Scientific, Waltham, MA, US). Product specificity was 







Template DNA was used in three dilutions (1:10, 1:100, and 1:1000) to reduce the effect of co-extracted 
PCR inhibitors. Standards were made from purified PCR products obtained from either environmental 
DNA of soil samples (archaeal amoA), an environmental bacterial ammonia oxidizer clone (bacterial 
amoA), or genomic DNA of pure cultures (narG, chiA). For the calibration curve, standard DNA was used 






Standard DNA, template DNA, and non-template 
control were run in three replicates. Abundances were reported in gene copy numbers per gram dry weight 
(dw) of soil.  
Clone libraries of archaeal ammonia oxidizers 
Archaeal amoA genes of selected samples were amplified according to the qPCR protocol in 
triplicate (Table 1) to analyze the functional diversity of archaeal ammonia oxidizers. The PCR was 
carried out in a 25-μL reaction volume containing DreamTaq PCR Master Mix (2×) (Life Technologies, 
Thermo Scientific, Carlsbad, MA, US) without SYBR® Green I. The PCR products were pooled and 
cleaned up with the QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). Purified PCR products 
were cloned and 96 clones per sample were sequenced by Microsynth AG (Balgach, Switzerland).  
Contigs were constructed from overlapping forward and reverse sequences in Geneious 8.1.5 
(Biomatters Ltd, Auckland, New Zealand) resulting in 808 sequences and processed with mothur 1.35.1 
(Schloss et al., 2009). Sequences with ≥ 1 ambiguity, < 600 bp or > 635 bp sequence length, or ≥ 1 
mismatch to primer sequence were removed. The remaining sequences were imported in Geneious, in 
silico translated amino acid sequences containing stoppcodons were removed, and remaining nucleotide 
sequences were aligned using ClustalW with default settings. For archaeal amoA sequences a species 
threshold of 85% sequence identity was recommended (Pester et al., 2012). Therefore, aligned sequences 
were clustered to operational taxonomic units (OTUs) at 85% sequence identity using mothur. 
Phylogenetic tree construction was done in MEGA 6.06 (Tamura et al., 2013) using one representative 





Data analysis and statistics 
While N functional gene abundances on soil mass basis represented abundances at ecosystem 
scale, we normalized N functional gene abundances to TCC to examine the proportion of N functional 
genes to total prokaryotic abundances during long-term soil development. Thus, the TCC-normalized N 
functional gene abundances reflect the proportion of N functional groups to the total microbial 
community. Correlation analysis (see above) revealed that soil TN content was the main driver of N 
functional gene abundances. Therefore, we normalized N functional gene abundances to soil TN content 
to elucidate the effect of soil properties other than TN content. Soil properties, TCC, and archaeal and 
bacterial 16S rRNA gene abundances have been determined on the same soil samples of the Franz Josef 
chronosequence (Turner et al., 2014, 2017b) and were used for statistical analyses.  
The effects of soil age, horizon, age × horizon interaction and depth within horizon on the 
log-transformed N functional gene abundances were analyzed as fixed effects in a linear mixed effects 
model using the ‘lmer’ function of the ‘lme4’ package (Bates et al., 2015) in R (version 3.2.3; R Core 
Team). The variance between the three individual soil profiles per site was included as random effect to 
account for repeated measures within the same site. The inspection of initial model residuals revealed that 
variances differed between topsoil (O, A) and subsoil (E, B, C) horizon clusters despite log-
transformation. Thus, separate models were fitted to topsoil and subsoil subsets. The main effects and 
interaction were tested in ANOVA following the model fit, all pairwise comparisons (Tukey-Test) of soil 
age groups within horizon clusters were performed based on least square means, after centering depth at 
each age × horizon clusters' mean depth (package ‘lsmeans’, Lenth, 2015). To examine the relationship 
between soil properties, archaeal and bacterial 16S rRNA gene abundances, and N functional gene 
abundances, we calculated Spearman rank order correlation coefficients with R. 
To investigate the patterns of TN-normalized N functional gene abundances in mineral soils 
along the Franz Josef chronosequence we used a principal component analysis (PCA) on log-transformed 







properties were used as supplementary variables to illustrate their relationship to the N functional gene 
abundances.  
Accession number(s) 
The OTU sequences of archaeal amoA clone libraries were deposited in Genbank under 
accession numbers KY315819 to KY315823. 
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FIG 1 Abundances of N functional genes on soil mass basis for each soil horizon cluster (O, A, E, B, and 
C) in soils of different ages along the Franz Josef chronosequence. Functional gene copy numbers of 
archaeal amoA, narG, and chiA per gram soil dry weight (dw) were shown as boxplots with points for 
horizon and soil profile replicates. The color of the points indicates soil depth (cm). Results of Tukey post-
hoc test for the soil age effect in each soil horizon cluster were indicated by letters with the same letters 
indicating that values for these ages differed not significantly (P > 0.05). Samples with gene copy numbers 








FIG 2 Abundances of N functional genes normalized to total cell counts (TCC) for each soil horizon 
cluster (O, A, E, B, and C) in soils of different ages along the Franz Josef chronosequence. Functional 
gene copy numbers of archaeal amoA, narG, and chiA were shown as boxplots with points for horizon and 
soil profile replicates. The color of the points indicates soil depth (cm). Results of Tukey post-hoc test for 
the soil age effect in each soil horizon cluster were indicated by letters with the same letters indicating that 
values for these ages differed not significantly (P > 0.05). Samples with gene copy numbers below 






FIG 3 Principal component analysis (PCA) based on TN-normalized functional gene abundances (green 
arrows) of mineral soil horizons with the six best-fitting soil properties as supplementary variables (grey 
arrows). Colors of samples indicate different soil ages and symbols indicate different soil horizons. Fed – 
dithionite-extractable Fe phases representing poorly crystalline and crystalline Fe oxides as well as Fe-
humus-complexes, Fed-o – difference between dithionite-extractable Fe and oxalate-extractable Fe 









FIG 4 Relative abundances of archaeal amoA OTUs (sequence identity threshold 85%) of selected soil 
samples along the Franz Josef chronosequence. The y-axis denotes the soil age (0.5, 5, 12, and 120 kyr) 






TABLE 1 Primers and conditions for qPCR assays. 








Archaeal amoA gene     
Arch-amoAF  
Arch-amoAR 
STA ATG GTC TGG CTT AGA CG  
GCG GCC ATC CAT CTG TAT GT 
0.4 AOA-NZ-Mix 88.1-
93.0 
Francis et al., 2005 
Bacterial amoA gene     
amoA-1F  
amoA-2R 
GGG GTT TCT ACT GGT GGT  





Nicolaisen et al., 
2004 
narG gene     
narG-F   
narG-R 
TCG CCS ATY CCG GCS ATG TC  






Bru et al., 2007 
Bacterial chiA gene     
GA1F  
GA1R 
CGT CGA CAT CGA CTG GGA RTD BCC 






Yergeau et al., 
2007 
1
 Primer concentration, 
2
 Efficiency. 
TABLE 2 Results of the two-way ANOVA (soil age × horizon, their interaction and depth as a covariate) 
on N functional gene abundances (on soil mass basis, normalized to TCC, and normalized to soil TN 
content) in topsoils (O and A horizon) and subsoils (E, B, and C horizon) along the Franz Josef 
chronosequence determined by qPCR. Significant interactions are indicated by asterisks.  
 
Topsoil Subsoil 
 Age Hor. Depth Age × Hor. Age Hor. Depth Age × Hor. 
Archaeal amoA (g dw)
-1
 n.s. * n.s. n.s. *** n.s. *** n.s. 
Archaeal amoA TCC
-1
 n.s. ** n.s. n.s. * * * * 
Archaeal amoA (mg TN)
-1
 n.s. ** n.s. n.s. *** n.s. *** n.s. 
         
narG (g dw)
-1
 ** *** n.s. ** *** *** *** n.s. 
narG TCC
-1
 ** ** n.s. ** n.s. ** *** n.s. 
narG (mg TN)
-1
 ** * n.s. * *** *** *** n.s. 
         
chiA (g dw)
-1
 * *** n.s. *** ** *** *** n.s. 
chiA TCC
-1
 n.s. n.s. n.s. n.s. n.s. * ** n.s. 
chiA (mg TN)
-1
 n.s. ** n.s. ** ** *** *** n.s. 
n.s. – not significant. 








TABLE 3 Spearman rank order correlation coefficients for N functional gene abundances (per gram dry 
soil) and chemical soil properties. Content of OC – organic carbon, TN – total nitrogen, ON – organic 
nitrogen, TP – total phosphorous, OP – organic phosphorous. Significant correlations are typed in bold (P 
< 0.01). 
 
pH OC TN ON Ammonium Nitrate TP OP 
Archaeal amoA -0.31 0.53 0.56 0.56 0.23 0.15 0.27 0.62 
narG -0.73 0.90 0.90 0.90 0.72 0.39 0.23 0.75 









120,000 Years of Soil Ecosystem Development Results in Distinct Nitrogen Cycling Microbial 
Communities 
 












FIG S1 Abundances of N functional genes in diffenrent soil horizons (O, OA, A, AO, AE, E, EA, B, C, 
CA) from depth profiles of 0.06, 0.5, 1, 5, 12, 60, and 120 kyr soil age along the Franz Josef 
chronosequence. Functional gene copy numbers of archaeal (AOA) and bacterial amoA (AOB), narG, and 
chiA (A) per gram soil dry weight (dw), (B) as ratio of functional gene to corresponding total cell count 





FIG S2 Abundances of TN-normalized N functional genes in soils of different ages along the Franz Josef 
chronosequence for each soil horizon cluster (O, A, E, B, and C). Functional gene copy numbers of 
archaeal amoA, narG, and chiA were shown as boxplots with points for horizon and soil profile replicates. 
The color of the points indicates soil depth. Results of Tukey post-hoc test for the soil age effect in each 
soil horizon cluster were indicated by letters with the same letters indicating that values for these ages 
differed not significantly (P > 0.05). Samples with gene copy numbers below detection limit were 









FIG S3 Relative abundances of archaeal amoA OTUs (sequence identity threshold 95%) of selected soil 
samples along the Franz Josef chronosequence. The y-axis denotes the soil age (0.5, 5, 12, and 120 kyr) 













FIG S4 Maximum-likelihood phylogenetic analysis of archaeal amoA OTUs  based on nucleotide 
sequences retrieved from selected soil samples along the Franz Josef chronosequence. One representative 
sequence of each OTU (marked with a green square) was included and marked with cyan circles. As 
references we used 1 – 5 sequences per cluster from the database provided by Pester et al. (2012) and 
three closely related sequences for each OTU sequence derived from a BLASTn search. Tree construction 
based on the General Time Reversible (GTR) model with gamma-distribution and bootstrap values in % 
(1000 replicates) are shown for node values ≥ 60%. The tree was rooted to the amoA sequence of the 






   
TABLE S1 Physico-chemical properties, soil mineralogical properties and TCC (total cell counts) of soil horizons along the Franz Josef chronosequence 
(Turner et al., 2014). OC – organic carbon, ON – organic nitrogen, OP – organic phosphorus, (Fe+Al)o – oxalate-extractable Fe and Al phases 
representing poorly crystalline minerals and metal-humus-complexes, Fed – dithionite-extractable Fe phases representing poorly crystalline and 
crystalline Fe oxides as well as Fe-humus-complexes, (Fe+Al)p – Fe and Al from organic complexes, Fed-o – difference between dithionite-extractable Fe 
and oxalate-extractable Fe representing crystalline Fe phases. 

















































0.06 AO 5.8 0.015 0.082 201.5 13.2 688.5 4.2 3.3 4.3 0.4 11 31 58 8517 
0.06 CA 6.0 0.001 0.023 7.3 0.5 73.3 2.3 2.9 1.1 1.1 3 17 80 189 
0.06 C 6.4 0.001 0.025 7.2 0.4 101.4 2.7 3.6 1.7 1.5 6 31 63 74 
                
0.5 OA 4.5 0.009 0.103 241.7 10.2 684.7 ND ND 11.6 ND ND ND ND 4209 
0.5 A 4.7 0.001 0.041 158.4 6.9 512.0 7 3.6 7.7 0.0 17 55 28 2499 
0.5 C 5.6 0.000 0.022 3.6 0.2 47.0 1.7 1.3 1.5 0.1 5 46 49 42 
                
1 O 3.9 0.001 0.066 327.6 13.4 496.5 ND ND 2.9 ND ND ND ND 7334 
1 AE 4.1 0.001 0.033 66.6 4.0 199.9 2.4 1.3 3.6 0.1 12 58 30 497 
1 E 4.7 0.000 0.027 17.2 0.7 93.7 3.2 2.0 3.3 0.6 12 55 33 403 
1 B 5.3 0.001 0.025 9.5 0.5 92.3 8.5 6.8 5.5 1.1 5 43 52 75 
                
5 O 3.9 0.005 0.121 367.9 14.4 527.2 ND ND 2.3 ND ND ND ND 6647 
5 AE 4.3 0.000 0.026 47.3 2.8 177.6 2.7 1.9 1.4 0.4 13 56 30 513 
5 E 4.9 0.001 0.028 16.6 0.6 88.1 4.2 3.2 1.8 0.6 13 58 29 449 
5 B 5.1 0.001 0.022 8.1 0.4 110.2 8.5 7.2 2.2 1.1 6 51 43 36 
                
12 O 3.8 0.003 0.100 448.1 12.8 443.8 ND ND 1.2 ND ND ND ND 11962 
12 AE 4.1 0.002 0.047 143.6 6.8 228.4 1.6 0.6 1.2 0.0 7 56 36 2110 
12 EA 4.5 0.001 0.022 30.5 0.9 70.9 1.4 0.7 0.9 0.4 5 52 43 176 
12 B 5.0 0.000 0.023 36.4 1.3 151.1 13.4 8.2 4.7 2.6 9 34 57 260 





                
60 O 4.0 0.002 0.045 220.3 6.2 237.5 ND ND 1.6 ND ND ND ND 1091 
60 AE 4.1 0.001 0.040 60.4 2.9 149.0 1.7 0.7 1 0.2 11 68 20 2331 
60 EA 4.7 0.000 0.027 24.0 1.0 84.2 5.9 3.8 3.1 0.5 14 67 19 431 
60 B 5.1 0.001 0.025 13.3 0.7 87.1 13.9 9.4 3.9 1.8 16 59 25 158 
60 C 5.5 0.001 0.021 2.2 0.1 21.2 2.6 1.2 0.9 0.5 7 43 50 5 
                
120 O 4.4 0.001 0.066 190.4 5.4 125.9 ND ND 0.6 ND ND ND ND 976 
120 A 4.2 0.001 0.047 72.1 4.0 72.8 0.5 0.2 0.5 0.0 10 77 13 390 
120 E 4.9 0.001 0.024 7.7 0.4 13.7 2.9 2.3 1.7 1.4 12 74 13 12 
120 B 5.2 0.002 0.036 12.5 0.4 19.2 7.8 24.7 4 22.0 20 51 29 31 




   
TABLE S2 Spearman rank order correlation coefficients for TN-normalized N functional gene abundances and soil properties in mineral topsoils (A 
horizon) and subsoils (E, B, and C horizon). Amm. – Ammonium. ON – organic nitrogen, OC – organic carbon, OP – organic phosphorous, Feo – 
oxalate-extractable Fe phases representing poorly crystalline minerals and metal-humus-complexes, Alo – oxalate-extractable Al phases representing 
poorly crystalline minerals and metal-humus-complexes, Fed – dithionite-extractable Fe phases representing poorly crystalline and crystalline Fe oxides 
as well as Fe-humus-complexes, Fep – Fe from organic complexes, Alp –Al from organic complexes Fed-o – difference between dithionite-extractable Fe 
and oxalate-extractable Fe representing crystalline Fe phases. Significant correlations are typed in bold (P < 0.01). Negative relationships are red shaded. 
 
  
 pH Nitrate Amm. ON OC OP OC:OP Clay Silt Sand Feo Alo Fed Fep Alp Fed-o 
Mineral topsoil (A horizon) 
amoA 0.06 0.13 -0.31 -0.01 0.04 0.24 -0.45 0.36 -0.02 0 0.36 0.38 0.39 0.57 0.42 -0.05 
narG -0.44 -0.06 -0.18 -0.38 -0.26 -0.15 0.05 0.02 0.32 -0.27 -0.28 0.14 -0.24 -0.27 -0.09 -0.06 
chiA -0.34 0.18 0.12 -0.24 -0.11 -0.19 0.17 -0.26 0.14 0 -0.42 -0.17 -0.33 -0.5 -0.24 0.02 
Subsoil (E, B, and C horizons) 
amoA -0.04 0.03 -0.13 0.27 0.2 0.42 -0.19 -0.33 -0.31 0.38 0.09 -0.24 -0.06 0.15 -0.19 -0.07 
narG -0.34 -0.11 0.08 0.49 0.46 0.3 0.13 -0.18 -0.15 0.23 -0.06 -0.28 -0.19 0.2 -0.23 -0.26 





TABLE S3 Results of the basic local alignment search tool for nucleotide (BLASTn) search for the 
representative sequences of the OTUs using megablast and exluding uncultured/environmental sample 
sequences (28.10.2016). 
 




    
Candidatus Nitrosotalea devanaterra genome assembly, chromosome: 1 99% 0 91% LN890280.1 
Candidatus Nitrosotalea devanaterra isolate Nd1 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
93% 0 90% JN227489.1 
Nitrosotalea sp. Nd2 ammonia monooxygenase subunit A (amoA) gene, partial 
cds 
92% 0 90% KJ540206.1 
Nitrosomonas europaea strain NSW3 ammonia monooxygenase subunit A 
(amoA) gene, partial cds 
77% 3.00E-172 89% KJ794819.1 
Candidatus Nitrosotenuis sp. AQ6f ammonia monooxygenase alpha subunit 
(amoA) gene, complete cds 
99% 8.00E-128 80% KX034182.1 
Nitrosopumilus maritimus isolate SF_AOA_A07 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
99% 2.00E-124 80% HM345608.1 
Candidatus Nitrosopelagicus brevis strain CN25, complete genome 99% 2.00E-123 80% CP007026.1 
Crenarchaeote SCGC AAA288-N08 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 3.00E-77 76% JF719200.1 
Crenarchaeote SCGC AAA288-B11 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 3.00E-77 76% JF719170.1 
Crenarchaeote SCGC AAA288-P18 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 1.00E-76 77% JF719207.1 
Crenarchaeote SCGC AAA008-P23 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 7.00E-74 76% JF719165.1 
Crenarchaeote SCGC AAA288-M04 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 2.00E-73 77% JF719197.1 
Crenarchaeote SCGC AAA001-B14 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 2.00E-73 77% JF719128.1 
Crenarchaeote SCGC AAA288-J07 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 1.00E-71 76% JF719190.1 
Crenarchaeote SCGC AAA240-O10 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 1.00E-71 76% JF719167.1 
Crenarchaeote SCGC AAA240-K17 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 7.00E-69 75% JF719166.1 
Crenarchaeote SCGC AAA288-A10 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 2.00E-68 76% JF719168.1 
Crenarchaeote SCGC AAA288-C14 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
83% 2.00E-63 75% JF719173.1 
     
OTU2 
    
Candidatus Nitrosotalea devanaterra genome assembly, chromosome: 1 99% 6.00E-174 84% LN890280.1 
Candidatus Nitrosotalea devanaterra isolate Nd1 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
93% 1.00E-160 84% JN227489.1 
Candidatus Nitrosotenuis sp. AQ6f ammonia monooxygenase alpha subunit 
(amoA) gene, complete cds 
99% 8.00E-143 82% KX034182.1 
Nitrosomonas europaea strain NSW3 ammonia monooxygenase subunit A 
(amoA) gene, partial cds 




Candidatus Nitrosopumilus sp. PS0 ammonia monooxygenase subunit A gene, 
partial cds 
85% 5.00E-100 79% KF957666.1 
Cenarchaeum symbiosum A clone C18D02, complete sequence 99% 6.00E-94 77% DQ397580.1 
Cenarchaeum symbiosum A clone C07D08, complete sequence 99% 6.00E-94 77% DQ397569.1 
Archaeon G61 ammonia monooxygenase subunit A (amoA) gene, complete cds 99% 5.00E-70 75% KR233005.1 
     
OTU3 
    
Candidatus Nitrosotalea devanaterra genome assembly, chromosome: 1 99% 0 92% LN890280.1 
Candidatus Nitrosotalea devanaterra isolate Nd1 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
93% 0 92% JN227489.1 
Nitrosotalea sp. Nd2 ammonia monooxygenase subunit A (amoA) gene, partial 
cds 
92% 0 92% KJ540206.1 
Nitrosomonas europaea strain NSW3 ammonia monooxygenase subunit A 
(amoA) gene, partial cds 
77% 0 92% KJ794819.1 
Nitrosopumilus maritimus isolate SF_AOA_A10 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
99% 4.00E-146 82% HM345609.1 
Nitrosopumilus maritimus isolate SF_AOA_A07 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
99% 4.00E-136 81% HM345608.1 
Candidatus Nitrosopelagicus brevis strain CN25, complete genome 99% 2.00E-123 80% CP007026.1 
Candidatus Nitrosopumilus koreensis AR1, complete genome 99% 2.00E-123 80% CP003842.1 
Nitrosopumilus maritimus SCM1, complete genome 99% 5.00E-115 79% CP000866.1 
Nitrosopumilus maritimus SCM1 putative archaeal ammonia monooxygenase 
subunit B (amoB) gene, partial cds; putative archaeal ammonia 
monooxygenase subunit C (amoC) and conserved hypothetical protein genes, 
complete cds; and putative archaeal ammonia monooxygenase subunit A 
(amoA) gene, partial cds 
97% 4.00E-111 79% EU239959.1 
Nitrosopumilus maritimus strain NAOA6 ammonia monooxygenase subunit A 
(amoA) gene, partial cds 
91% 6.00E-94 78% KT380500.1 
Crenarchaeote SCGC AAA288-P18 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 2.00E-58 75% JF719207.1 
Crenarchaeote SCGC AAA288-N08 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 2.00E-58 75% JF719200.1 
Crenarchaeote SCGC AAA288-B11 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 1.00E-56 75% JF719170.1 
Crenarchaeote SCGC AAA008-P23 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 1.00E-56 75% JF719165.1 
Crenarchaeote SCGC AAA240-K17 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 5.00E-55 74% JF719166.1 
Crenarchaeote SCGC AAA288-J07 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 7.00E-54 74% JF719190.1 
Crenarchaeote SCGC AAA240-O10 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 2.00E-53 74% JF719167.1 
Crenarchaeote SCGC AAA001-B14 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
82% 2.00E-53 75% JF719128.1 
Crenarchaeote SCGC AAA288-M04 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
95% 3.00E-52 73% JF719197.1 
Crenarchaeote SCGC AAA288-A10 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
87% 1.00E-51 74% JF719168.1 
Crenarchaeote SCGC AAA288-C14 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
82% 2.00E-43 73% JF719173.1 
     
OTU4 





Candidatus Nitrososphaera evergladensis SR1, complete genome 99% 6.00E-114 79% CP007174.1 
     
OTU5 
    
Nitrosopumilus maritimus isolate SF_AOA_A07 ammonia monooxygenase 
subunit A (amoA) gene, partial cds 
99% 2.00E-139 81% HM345608.1 
Candidatus Nitrosopelagicus brevis strain CN25, complete genome 99% 1.00E-121 79% CP007026.1 
Crenarchaeote SCGC AAA003-P19 ammonia monooxygenase alpha subunit 
(amoA) gene, partial cds 
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a b s t r a c t
In soils, a large portion of organic nitrogen (ON) is associated with minerals and thus, possibly stabilized
against biological decay. We therefore tested if mineral-associated N is an important N source for soil
microorganisms, and which soil parameters control its bioavailability. Microcosm experiments with
mineral-associated organic matter, obtained as heavy fraction (HF) via density fractionation, and bulk soil
from mineral topsoil of the Franz Josef chronosequence were conducted for 125 days. We examined the
effects of O2 status, soil age (differences in mineralogical properties), as well as cellulose and phosphate
additions on the turnover of mineral-associated N. Using a combination of activity measurements and
quantitative PCR, microbial N transformation rates and abundances of N-related functional genes (amoA,
narG, chiA) were determined. Similar or higher values for microbial N cycling rates and N-related
functional abundances in the HF compared to bulk soil indicated that mineral-associated N provides an
important bioavailable N source for soil microorganism. The turnover of mineral-associated N was
mainly controlled by the O2 status. Besides, soil mineralogical properties significantly affected microbial
N cycling and related gene abundances with the effect depending on the N substrate type (ON, NH4
þ or
NO3
"). In contrast, cellulose or phosphate addition hardly enhanced microbial utilization of mineral-
associated N. The results of our microcosm study indicate that mineral-associated N is highly bioavail-
able in mineral topsoils, but effects of the mineral phase differ between N cycling processes.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction
In soil, the availability of N as a major nutrient element and
limiting growth factor determines fertility and biomass production
to a large extent (Knicker, 2011). Nitrogen can be found in eight
oxidation states andmost of the N transformations aremediated by
soil microorganisms that act as key players of N cycling (Robertson
and Groffman, 2015). Present ecological concepts in N cycling and
ecosystem dynamics largely ignore the role of mineraleorganic
associations, thereby organic N (ON) is considered as one pool
without further differentiation into ON contained in functionally
different organic matter (OM) fractions, e.g. particulate and
mineral-associated OM. However, the interaction between OM and
soil minerals determines the turnover of soil OM (SOM) (Schmidt
et al., 2011). Competing with plants and microorganism for avail-
able N, soil minerals are relevant for ecosystem productivity by
directly and indirectly influencing microbial C and nutrient cycling.
Several studies showed that soil minerals can indirectly affect
microbial nutrient cycling by stabilizing OM via adsorption to
mineral surfaces or coprecipitation reactions (summarized by
Kleber et al., 2015). These interactions mostly result in lower sub-
strate bioavailability and can therefore impair microbial activity
(Schneider et al., 2010; Kleber et al., 2015). Similarly, activities of
microbial extracellular enzymes can be inhibited by soil minerals
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such as poorly crystalline Fe and Al oxide phases and other clay-
sized minerals, thus slowing down microbial OM degradation and
mineralization (Bayan and Eivazi, 1999; Nannipieri and Smalla,
2006; Turner et al., 2014).
The bioavailability of SOM depends, among other factors,
strongly on properties of the mineral phase such as specific surface
area and surface charge (Kleber et al., 2015). Mineralization rates of
organic carbon (OC) and ON in the sand fraction were shown to be
higher than in the silt or clay fraction during an incubation
experiment with soil particle size fractions (Bimüller et al., 2014).
Vogel et al. (2015) revealed in an incubation experiment with
artificial soils that the clay mineral type affected plant litter
decompositionwith slower mineralization in montmorillonite-rich
soil than in illite-rich soil. Also Saidy et al. (2012) observed in a
similar experiment a significant effect of the clay mineral type with
higher decomposition rates in the presence of kaolinite than illite
or smectite. Colman and Schimel (2013) identified in an analysis of
84 distinct mineral soils the clay content as an important predictor
for microbial respiration as well as net N mineralization with a
negative effect on both. Besides soil particle size and clay mineral
type, the content of Fe and Al (hydr)oxides was reported to impact
microbial activity. While Achat et al. (2012) detected a negative
relationship between basal soil respiration and the content of Al
(hydr)oxides, other studies reported either no, minor or strong
effects of Fe (hydr)oxide type on C mineralization (Mikutta et al.,
2007; Saidy et al., 2012; Heckman et al., 2013; Vogel et al., 2015).
Overall, there are several studies focusing on the effect of
mineralogical properties on C cycling, whereas the impact of
minerals on N cycling is still poorly understood. Although C and N
cycling are linked to each other via biomass production and
degradation (Knicker, 2011), a few previous studies indicated that
OC and ONmineralization respond differently to the mineral phase
pointing to a decoupling of OC and ON mineralization in the
mineral-associated soil fraction (Heckman et al., 2013; Bimüller
et al., 2014). Additionally, our previous results obtained from a
soil chronosequence showed that profile-based OC stocks of min-
eral soils were positively correlated to the content of Al originating
from poorly crystalline Al minerals and Al-humus complexes,
whereas the ON stocks were positively correlated to the stocks of
crystalline Fe oxides (Turner et al., 2014). Nevertheless, recent ev-
idence suggests that mineral-associated ON can be utilized by soil
microorganisms. For example, Dippold et al. (2014) reported that
alanine, sorbed to different Fe oxides or clay minerals in an incu-
bation experiment, was quickly mineralized at variable rates, thus
also highlighting the effect of the soil mineral type.
Therefore the aims of our study were to elucidate (i) if mineral-
associated N is an important bioavailable N source for soil micro-
organisms, and (ii) which soil properties control the bioavailability
of mineral-associated N and the abundances of N cycling microor-
ganism. We used soils of different ages of the 120-kyr old Franz
Josef soil chronosequence (New Zealand) which is characterized by
a nutrient and mineralogical gradient (Stevens, 1968; Turner et al.,
2014). High precipitation regularly creates water-saturated condi-
tions in soils of the chronosequence resulting in changes of the
redox regime which may affect microbial N cycling by generally
slowing downmicrobial activity. Due to leaching and weathering of
P-containing minerals the soil P content drastically decreases with
increasing soil age, possibly limiting the microbial utilization of
mineral-associated N in older soils. The use of mineral-associated N
may also require the supply of easily available additional C sources,
such as cellulose derived from decomposing root litter, which has
been shown to stimulate microbial activity and SOM decomposi-
tion in subsoil environments (“priming effect”, Fontaine et al.,
2007).
Hence, we hypothesized that mineral-associated N is an
important bioavailable N source and explored the effect of soil
mineralogical composition, O2 status (redox regime), and the ad-
ditions of phosphate and cellulose (priming) on its mineralization.
To address this, we set up a microcosm experiment comparing
microbial N cycling in themineral-associated OM fractionwith bulk
soil of four soil ages under oxic and anoxic conditions. Thereby, we
tested the effect of P and C additions (phosphate, 13C-labeled cel-
lulose, and phosphateþ 13C-labeled cellulose). During the 125-days
incubation period, N2, N2O and CO2 production as parameters for
microbial activity were measured regularly, and at the end of the
experiment net N mineralization and gene copy numbers of N
cycle-related marker genes were determined by quantitative PCR
(qPCR).
2. Material and methods
2.1. Site description and soil sampling
The Franz Josef chronosequence is located on the West Coast of
the South Island of New Zealand (~43" S, 170" E). The soils devel-
oped due to repeated glacial advance and retreat from greywacke
and mica schist spanning a time scale from present to 120 000
years (Stevens, 1968; Almond et al., 2001). The climate is wet and
temperate and the soils are covered by rainforest (Richardson et al.,
2004). The chronosequence is characterized by a steep nutrient and
mineralogical gradient (Turner et al., 2014, Table 1, Table 2). Soil
samples were taken from A horizons of four sites with different soil
ages (0.5k, 5k, 12k, and 120k years) in February 2014 and were kept
at <8 "C prior to incubation. Using A horizons guaranteed relatively
high microbial activities that facilitated the detection of changes
during the incubation period and concomitantly a high proportion
of mineral-bound N. Contrary to whole soil profiles that were
characterized by an increasing content of Fe and Al (hydr)oxides
and clay with soil age, the A horizons separately showed an inverse
trend for the content of these soil mineral phases (Table 2).
2.2. Microcosm incubation experiment
To assess the bioavailability of mineral-associated N and its
controls we set up a laboratory incubation experiment in micro-
cosms with either the mineral-associated OM fraction or bulk soil
(Fig. S1). We used A horizons of four soil ages (0.5k, 5k, 12k, and
120k years). For soil fractions, soil samples were separated by
density fractionation using sodium polytungstate solution
(r ¼ 1.6 g cm$3; Cerli et al., 2012). Twenty-five g of soil were
dispersed in 125 mL sodium polytungstate solution and sonicated
for 9min 38 s with 60 J mL$1with an ultrasonic device (LABSONIC®,
Sartorius Stedim Biotech GmbH, G€ottingen, Germany). The floating
light fraction (LF, r < 1.6 g cm$3, representing mostly particulate
OM) was removed from the heavy fraction (HF, containing mineral-
associated OM) by decantation after deposition for 1 h and
centrifugation for 10 min at 3500g. To minimize possible negative
effects of the sodium polytungstate solution on microbial activities
(Blackwood and Paul, 2003; Crow et al., 2007), both fractions were
washed with deionized water until the electrical conductivity was
<50 mS cm$1. Thereafter, samples were shock-frozen in liquid N2
and freeze dried resulting in approximately 95 wt% of the HF and
2 wt% of the LF. Toxic effects caused by tungsten residues in the
fractionated samples could be ruled out because of similar miner-
alization rates of bulk soil compared to density fractions (Gentsch
et al., 2015).
To test the influence of P and C addition on C and N turnover, we
tested different treatments: without any addition (wo), with
NaH2PO4 solution (P; 500 mg PO4-P g
$1 soil fraction), with 13C-
labeled cellulose powder (C; 40 mg cellulose-C g$1 soil fraction C)





or with the addition of both (CP). The 13C-labeled cellulose (Isolife,
Wageningen, The Netherlands; low degree of polymerization,
Cichorium intybus; U-13C; >97 at%) was mixed with unlabeled cel-
lulose to 5 at% 13C before application.
For each microcosm, 10 g dried soil (bulk or HF) were mixed
with 10 g quartz powder (<125 mm, Carl Roth GmbH þ Co. KG,
Karlsruhe, Germany) in 125 mL serum vials. Control samples con-
tained 20 g quartz only.
To further countervail the possible negative effect of the frac-
tionation procedure, we inoculated each incubation sample with
3 mL of soil slurry with an active, indigenous microbial community.
For inoculationwe used soil slurries that consisted of fresh, wet soil
of the corresponding sampling site (0.5k, 5k, 12k, and 120k years)
suspended in sterile Hoagland solution (without a P and N source,
soil weight to volume ratio ¼ 1:10). After adding the NaH2PO4 so-
lution to the respective samples, all samples were adjusted to 60%
water-holding capacity with sterile distilled water and carefully
homogenized with a spatula. To examine the effect of the O2 status,
we incubated under oxic and anoxic conditions. For oxic incubation,
serum vials were closed with polyethylene wool to allow gas ex-
change. For maintaining high humidity, a tray of water was placed
into the incubator and the water content was checked every few
days and readjusted if necessary. Anoxic vials were fitted with
septa, sealed with caps and flushed with He, the loss of water
during incubation was negligible. All combinations of the tested
factors (soil fraction, O2 status, soil age and nutrient addition) were
prepared in triplicate resulting together with the controls in 198
incubation samples. All samples were pre-incubated at 15 #C for 10
days for equilibration to avoid measuring the fractionation-induced
initial CO2 pulse, afterwards the cellulose was added to the corre-
sponding C treatment vials, and the 125 days main-incubation
started.
The headspace was sampled at nine time points (0, 7, 14, 21,
28, 42, 56, 98, and 125 days) by taking 25 mL gas with a syringe
and transferring it into pre-evacuated 20 mL vials. The oxic vials
were closed and flushed with CO2-free air 24 h before each gas
sampling, and the anoxic vials were flushed with pure helium
4e8 days before sampling. The incubation setup was checked for
leaks by additionally measuring gas samples from empty
incubation flasks. Gas concentrations were analyzed by gas
chromatography with a GC-2014 (Shimadzu, Kyoto, Japan; modi-
fied according to Loftfield et al. (1997)) equipped with an electron
capture detector (for CO2 and N2O), and a 7890A-GC (Agilent
Technologies, Santa Clara, CA, US) equipped with an electron
capture detector (N2O, concentrations > 750 ppb), thermal con-
ductivity detector (for N2), and helium ionization detector (for CO2,
concentrations > 4000 ppm) at the Johann Heinrich von Thünen
Institute, Institute of Climate-Smart Agriculture (Braunschweig,
Germany). Toanalyze themineralizationof the 13C-labeled cellulose,
13CO2 sampleswere taken at day 7, 42, and 125 andmeasuredwith a
GasBench II system coupled to a Delta V Advantage isotope ratio
mass spectrometry (Thermo Fisher Scientific Inc., Waltham, MA,
US).
After 125 days of incubation, all serum vials were sampled
destructively for several end-point analyses: Net N mineralization,
net nitrification, microbial biomass and N cycle-related functional
marker genes using qPCR. Nmin (inorganic N: sum of NO3
$ and
NH4
þ) was extracted with 1 M KCl and measured photometrically
(SAN-plus, Skalar Analytical B.V., Breda, The Netherlands). The
difference between end and start Nmin and NO3
$ concentrations
were calculated as net N mineralization and net nitrification,
respectively. Microbial biomass carbon (Cmic) and nitrogen (Nmic)
were determined via the fumigation-extraction method (Vance
et al., 1987) as specified in Turner et al. (2014). To distinguish be-
tween Cmic derived from SOM or cellulose, extracts of cellulose
treatments (C and CP) were analyzed for 13C via high-performance
liquid chromatography (Dionex Corporation, Sunnyvale, CA, USA)
coupled to a Finnigan Delta V Advantage Mass Spectrometer over a
Finnigan LC IsoLink Interface (Thermo Fisher Scientific Inc). Further,
the pH (1:2.5, wt/vol in distilled water) was measured in all sam-
ples at the end of the incubation resulting in a mean value (except
controls) of 4.8 ± 0.4 (standard deviation) to rule out, that the
observed differences in activities and abundances are caused by
great variances in pH values due to fractionation or treatments.
2.3. Nucleic acid extraction and qPCR
Nucleic acids of each sample were extracted in duplicate
Table 1
Initial concentrations of organic carbon (OC), total nitrogen (TN), NH4
þ and NO3
$ per g soil fraction and initial proportion of Nmin on TN.












0.5k Bulk 144.2 7.9 0.099 0.002 1.3
5k 137.3 7.7 0.128 0.002 1.7
12k 77.7 3.6 0.097 0.002 2.8
120k 65.5 3.6 0.096 0.001 2.7
0.5k HF 126.1 6.7 0.036 0.002 0.6
5k 99.8 5.5 0.022 0.001 0.4
12k 63.7 3.0 0.016 0.002 0.6
120k 57.1 3.1 0.016 0.002 0.6
Table 2
Total phosphorus (TP) content and mineralogical properties of the A horizons (Turner et al., 2014), mean ± standard deviation. Fed: dithionite-extractable Fe phases repre-
senting poorly crystalline and crystalline Fe oxides as well as Fe-humus-complexes; Feo, Alo: oxalate-extractable Fe and Al phases representing poorly crystalline minerals and
























0.5k A 583 ± 149 3.6 ± 2.0 4.5 ± 2.9 0.0 ± 0.0 4.3 ± 3.3 2.5 ± 0.8 3.4 ± 2.0 17 ± 7 55 ± 9 28 ± 16
5k AE 195 ± 70 1.9 ± 1.0 1.5 ± 0.8 0.4 ± 0.2 0.8 ± 0.6 1.2 ± 0.5 0.6 ± 0.2 13 ± 1 56 ± 3 30 ± 4
12k AE 244 ± 41 0.6 ± 0.1 0.6 ± 0.1 0.0 ± 0.0 0.4 ± 0.0 1.0 ± 0.1 0.8 ± 0.1 7 ± 0 56 ± 4 36 ± 4
120k A 78 ± 13 0.2 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.3 10 ± 1 77 ± 3 13 ± 2




according to the manufacturer's protocol (FastDNA® Spin Kit for
Soil, MP Biomedicals, Santa Ana, CA, US) with modifications ac-
cording to Webster et al. (2003) and DNA extracts were pooled.
Quantification of N cycle-related functional marker genes was
performed by qPCR: archaeal and bacterial ammonia mono-
oxygenase (amoA; Francis et al., 2005; Nicolaisen et al., 2004), ni-
trate reductase (narG; Bru et al., 2007), and bacterial chitinase
(chiA; Yergeau et al., 2007), with chitin representing a complex ON
compound common in soils. We used a StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Life Technologies, Carlsbad, CA,
US) and SYBR® Green I chemistry. All qPCRs contained 5 mL mas-
termix (Table S1), 1 mL BSA (0.5 mL for amoA assays; 3 g L!1; Sigma-
Aldrich, St. Louis, MO, US), primers (Table S1), 1 mL DNA template
and filled to the final volume of 10 mL with distilled H2O. For further
information on qPCR assays see Supplementary material (Table S1).
Product specificity was confirmed by melt curve analysis and
the amplicon size was verified by agarose gel electrophoresis.
Samples with multiple melt points, multiple gel bands or wrong
product size were excluded from further analysis. Standards were
made from purified PCR products obtained from whole genome
extracted from pure cultures. The DNA concentration of standards
was quantified with a FoodALYT Photometer Bio (Omnilab, Bremen,
Germany) and used for a calibration curvewith seven dilution steps
(1:10). Template DNA was used in three dilutions to reduce the
effect of co-extracted PCR inhibitors. Standard DNA, template DNA,
and non-template control were run in three replicates.
2.4. Data analysis and statistical methods
Gas data was corrected for the gas release from the inoculated
quartz control samples to subtract background respiration of the
inoculum. Percent CO2-C, N2O-N, and N2-N respired of the OC or
total N (TN) content prior to incubation were calculated from the
cumulative CO2-C loss (mg CO2-C g
!1 OC), N2O-N loss (mg N2O-
N g!1 TN), and N2-N loss (mg N2-N g
!1 TN). Cumulative minerali-
zation over the 125 days was then estimated as the sum of the daily
gas emissions where days between the nine sampling dates were
interpolated. Because the CO2 production rates were non-
monotone due to addition of cellulose (C treatments), we used
natural cubic splines while simple linear interpolationwas used for
the (roughly) monotonically decreasing N2O and N2 production
rates. Interpolations were done by standard methods in the “stats”
package of R (R version 3.2.2, R Core Team, 2015). For the C treat-
ments, we further split total CO2 production (CTotal) into CO2
derived from the added cellulose (CCellulose) and from SOM (CSOM)
using the equations:
CSOM ¼ CTotal # ðat%Total ! at%CelluloseÞ=ðat%SOM ! at%CelluloseÞ
(1)
and
CCellulose ¼ CTotal ! CSOM (2)
with at%Total, at%SOM and at%Cellulose being the isotopic compositions
(in at% 13C) of sampled CO2, SOM and cellulose. For Cmic in the
cellulose treatments, we again distinguished between Cmic derived
from the added cellulose and from SOM using equations (1) and (2),
replacing the concentrations and isotopic compositions of sampled
CO2 with those of Cmic.
Statistical analyses were performed with R. The main effects of
the factors soil fraction, O2 status, soil age and treatment (wo,
addition of C, P or CP) on microbial activity and abundance pa-
rameters were determined by a four-way ANOVAwith interactions.
Pairwise comparisons for site age and treatment effect were
analyzed by a Tukey post hoc test (package lsmeans, Lenth, 2015).
Therefore, the measured parameters and residuals were checked
for normal-distribution and log-transformed if necessary. Since we
got significant results for almost all factors for several parameters,
we used a random effect model to estimate the variance compo-
nents using the lmer function of the lme4 package (Bates et al.,
2015) for determining the relative importance of each factor. To
investigate the controls on microbial N cycling parameters and
abundance patterns in HF samples under oxic and anoxic condi-
tions we also used the variance component estimation.
3. Results
3.1. N mineralization
Both, the bulk soil and the HF (mineral-associated OM) were
dominated by ON with Nmin contributing only 1.3% to TN on
average (Table 1). After 125 days of incubation, net Nmineralization
was above zero for both O2 statuses, ranging between 0.8 and 13.1%
Nmin-N of initial TN content with higher values under oxic than
anoxic conditions (Fig. 1). Inorganic N, released upon mineraliza-
tion of the HF, largely exceeded the initial Nmin contents by a factor
of 4e23 (range of all tested incubation conditions including
different O2 statuses, site ages, treatments and replicates; n ¼ 96).
In contrast to net N mineralization, net nitrification was above zero
only under oxic conditions (Fig. S2).
Net N mineralization and net nitrification significantly differed
between soil fractions (Table 3) with 2.0 ± 0.9-fold
(mean ± standard deviation) higher values for net N mineraliza-
tion and lower ones for net nitrification in HF samples. Compared to
bulk samples, net N mineralization in the HF differed more among
the soil ages, as indicated by lower values at the two younger sites
(0.5k and 5k) especially under anoxic conditions (Fig. 1). The
addition of P enhanced net N mineralization of HF samples
particularly in older soils, but it had almost no effect on bulk
samples. In contrast, C addition resulted in lower values of net N
mineralization in both soil fractions under oxic conditions, but
rarely affected them under anoxic conditions.
Under anoxic conditions we detected N2O as well as N2 pro-
duction (Fig. 2, Fig. S2), whereas under oxic conditions, N2O emis-
sions were below detection limit. The N2O production accounted
for up to 0.016% N2O-N of initial TN content (51% N2O-N of initial
NO3
! content, data not shown) for bulk samples, but was below
detection limit for HF. For bulk samples, we detected a clear soil age
effect with higher values at the 5k and 120k site while the addition
of P or C did not significantly alter the N2O production. Despite
additional controls for gas leakage and carefully performed gas
sampling, our N2 data showed high standard deviations and pro-
portions exceeding the TN content at the incubation start. Never-
theless, for all incubation treatments we detected a significantly
higher N2 production in the HF compared to bulk samples (Table 3,
Fig. S2).
The controls of microbial N transformations differed between
both soil fractions with N processes in the HF depending more on
the O2 status than bulk soils (Fig. 7). The effect of P and C addition
had a larger impact under oxic than under anoxic conditions. For
example, the oxic P and C treatment explained 11 and 24% of total
variation of net N mineralization, respectively. In contrast, under
anoxic conditions the soil age was far more important, accounting
for 91% of total variation for net N mineralization (Table 4).
3.2. C mineralization and priming
Cumulative CO2 production ranged between 0.03 and 3.3% of
initial soil OC and was on average 18 ± 9-fold (mean ± standard





deviation) higher under oxic conditions than under anoxic condi-
tions (Fig. 3). The CO2 production was lower in HF samples under
anoxic conditions, whereas under oxic conditions we detected no
consistent trend between the soil fractions. Adding 13C-labeled
cellulose provided the opportunity to differentiate between
cellulose-and SOM-derived CO2 and to thereby detect a priming
effect, i.e. higher SOM-derived CO2 production in the C treatment
compared to the wo-treatment. Positive priming occurred under
oxic conditions not only for bulk soil, but also for the HF at the
younger sites (0.5k and 5k) and when C and P were added simul-
taneously at the oldest site (Fig. 4). On the contrary, under anoxic
conditions SOM-derivedCO2productionwaseven lower in theCand
CP treatment compared to the cellulose-free treatments (wo, P).
3.3. Microbial biomass
The Cmic and Nmic contents showed similar patterns, and as
observed for microbial activities such as net N mineralization and
CO2 production, both were considerably higher under oxic than
under anoxic conditions (Fig. 5 A, B). Both showed no significant
differences between soil fractions and Nmic exhibited only small
differences between soil ages. The C and partly the P addition only
stimulated bulk Cmic and Nmic. The SOM-derived Cmic slightly
increased due to P, C or CP addition under oxic conditions, but the
effects were not significant (Fig. S3).
3.4. Abundances of N-related functional genes
Functional marker genes encoding enzymes that are part of the
microbial N cycle were quantified via qPCR and were detected, if
present, mostly in both soil fractions. Archaeal amoA gene copy
numbers showed higher abundances at the older sites under oxic
conditions (12k and 120k; Fig. 6A), whereas bacterial amoA gene
copy numbers were below detection limit in almost all samples.
Due to the low archaeal amoA gene copy numbers in HF samples
(often below detection limit), a comparison of the effect of P and C
additions between both soil fractions was not possible. The nitrate
reductase encoding gene narG showed higher abundances in bulk
samples under oxic conditions, whereas under anoxic conditions
gene abundances were higher in the HF (Fig. 6B). The narG gene
copy numbers were less affected by soil age, but overall decreased
due to P or C addition. While P addition significantly lowered
abundances in both soil fractions under anoxic conditions, only HF
sample narG gene abundances were significantly lowered under
oxic conditions. Further, under anoxic conditions the combination
of P and C addition did not affect narG gene copy numbers in HF
samples compared to P and C addition alone, whereas we detected
a decrease for bulk samples. On the contrary, under oxic conditions
narG gene copy numbers were similar for wo and CP treatment. The
chiA gene could be detected under oxic but not anoxic conditions
Fig. 1. Net N mineralization after 125 days of incubation for bulk (red boxplots) and HF (blue boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) as percent of
the initial TN content. For each soil age, samples were incubated under oxic and anoxic conditions and different substrate additions (wo, P, C, and CP) were tested. Boxplots
represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged over all treatments per age) were indicated by letters (leftebulk/
righteHF) with the same letters indicating that values for these ages differed not significantly (P > 0.05). Significant treatment effects (P < 0.05) of P, C, and CP addition compared to
wo-treatment for bulk or HF sample were marked with asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
Table 3
Effects of different soil properties on microbial N cycling and N-related microbial
gene abundances as revealed by four-way ANOVA (interaction terms are shown in
Table S2). The treatment effect included wo, P, C, and CP.
O2 Fraction Site age Treatment
Net N mineralization *** *** *** ***
Net nitrification *** *** n.s. **
N2 production (anoxic) e *** *** ***
N2O production (anoxic) e *** *** n.s.
Nmic *** n.s. * n.s.
Archaeal amoA n.s. *** *** **
narG *** *** *** ***
chiA (oxic) e *** *** ***
***P < 0.001, ** 0.001 < P < 0.01; * 0.01 < P < 0.05.
n.s.enot significant (P > 0.05).




and showed higher values for the P treatment of both soil fractions
(Fig. 6C).
4. Discussion
4.1. Mineral-associated N is an important bioavailable N source for
soil microorganisms
The results of our 125-days incubation experiment with the HF
and bulk soil showed that Nmin released upon mineralization of
the HF far exceeded the initial Nmin contents by a factor of 4e23,
thus indicating that mineral-associated N was the main source of
bioavailable N in A horizons. This was generally reflected by (i)
positive net N mineralization (Fig. 1), (ii) detectable Nmic and N-
related microbial gene abundances both under oxic and anoxic
conditions (Fig. 5 B, Fig. 6), as well as by (iii) a tendency towards
higher N2 production and higher NO3
!-consumption under anoxic
conditions (Fig. S2, Fig. S3), in the HF as compared to the bulk soil.
While a short-term incubation experiment (18 h) suggested no
relevance of HF-N for microbial N cycling (Compton and Boone,
Fig. 2. N2O-N production after 125 days of incubation for bulk samples (red boxplots) of differently aged soils (0.5k, 5k, 12k, and 120k years) as percent of the initial TN content.
Values for HF samples were below detection limit. For each soil age, samples were incubated under oxic (not shown, values below detection limit) and anoxic conditions and
different substrate additions (wo, P, C, and CP) were tested. Boxplots represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect
(averaged over all treatments per age) were indicated by letters with the same letters indicating that values for these ages differed not significantly (P > 0.05). Treatment effects of P,
C, and CP addition compared to wo-treatment for bulk samples were not significant (P < 0.05). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Table 4
Relative effect (as % of total variation) of different soil properties (age, P, C and their interactions) on microbial N cycling parameters and N-related abundances as well as on
microbial biomass C and CO2 production in HF samples under oxic and anoxic conditions as revealed by variance component estimation. Net Nmin: Net N mineralization, Net
NO3
!: Net nitrification.
% of total variation
Net Nmin Net NO3
! N2O Nmic Archaeal amoA narG chiA Cmic CO2 SOM-derived CO2
HF (oxic)
Age 55 0 e 0 18 0 35 2 14 58
P 11 0 e 0 0 0 0 1 1 0
C 24 6 e 0 0 0 0 20 66 0
Age " P 1 0 e 7 0 3 44 0 5 3
Age " C 5 0 e 0 0 0 1 0 0 2
C " P 0 0 e 0 0 79 9 0 0 0
Age " P " C 0 0 e 35 82 5 1 0 9 23
Residual 4 94 e 58 0 13 10 77 5 14
HF (anoxic)
Age 91 13 2 0 49 6 e 0 45 5
P 1 0 0 3 3 0 e 0 0 4
C 0 0 0 2 0 0 e 0 5 12
Age " P 3 24 0 0 11 0 e 0 14 0
Age " C 0 8 0 0 0 1 e 16 1 2
C " P 1 0 14 0 1 86 e 9 7 13
Age " P " C 0 0 0 20 0 1 e 17 11 23
Residual 3 54 85 75 35 6 e 57 17 41





Fig. 3. CO2-C production (including cellulose-derived) after 125 days of incubation for bulk (red boxplots) and HF (blue boxplots) samples of differently aged soils (0.5k, 5k, 12k, and
120k years) as percent of the initial OC content. For each soil age, samples were incubated under oxic and anoxic conditions and different substrate additions (wo, P, C, and CP) were
tested. Boxplots represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged over all treatments per age) were indicated by
letters (leftebulk/righteHF) with the same letters indicating that values for these ages differed not significantly (P > 0.05). Significant treatment effects (P < 0.05) of P, C, and CP
addition compared to wo-treatment for bulk or HF sample were marked with asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Fig. 4. SOM-derived CO2-C production after 125 days of incubation for bulk (red boxplots) and HF (blue boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) as
percent of the initial OC content. For each soil age, samples were incubated under oxic and anoxic conditions and different substrate additions (wo, P, C, and CP) were tested.
Boxplots represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged over all treatments per age) were indicated by letters
(leftebulk/righteHF) with the same letters indicating that values for these ages differed not significantly (P > 0.05). Significant treatment effects (P < 0.05) of P, C, and CP addition
compared to wo-treatment for bulk or HF sample were marked with asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)




2002), Swanston et al. (2004) reported significant net N minerali-
zation for the HF when conducting an incubation experiment over
300 d. In line with the previous study, our results also support the
hypothesis that mineral-associated N is an important N source for
soil microorganisms.
Besides the major effect of the O2 status, the soil fraction itself
(HF vs. bulk) had a significant effect on microbial N cycling and N-
related microbial abundances with different trends for different
parameters (Table 3). The net N mineralization of the HF surpris-
ingly was 2-fold higher than that of the bulk samples (Fig. 1), in line
with results of an incubation experiment using different forest soil
fractions, where higher values were mostly determined in the HF
compared to whole soil samples (Sollins et al., 1984). In contrast,
Swanston et al. (2004) reported for the HF net N mineralization
values half as high as for bulk soil. One possible explanation for the
higher HF net N mineralization in our study could be that, although
Fig. 5. (A) Cmic and (B) Nmic after 125 days of incubation for bulk (red boxplots) and HF (blue boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) related to the
initial OC and TN content, respectively. For each soil age, samples were incubated under oxic and anoxic conditions and different substrate additions (wo, P, C, and CP) were tested.
Boxplots represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged over all treatments per age) were indicated by letters
(leftebulk/righteHF) with the same letters indicating that values for these ages differed not significantly (P > 0.05). Significant treatment effects (P < 0.05) of P, C, and CP addition
compared to wo-treatment for bulk or HF sample were marked with asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)





Fig. 6. Abundance of (A) archaeal amoA, (B) narG, and (C) bacterial chiA gene copies after 125 days of incubation for bulk (red boxplots) and HF (blue boxplots) samples of differently
aged soils (0.5k, 5k, 12k, and 120k years) related to the initial TN content of the samples. For each soil age, samples were incubated under oxic and anoxic conditions and different
substrate additions (wo, P, C, CP) were tested. Boxplots represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged over all
treatments per age) were indicated by letters (leftebulk/righteHF) with the same letters indicating that values for these ages differed not significantly (P > 0.05). Significant
treatment effects (P < 0.05) of P, C, and CP addition compared to wo-treatment for bulk or HF sample were marked with asterisks. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Variance component estimation of factors (O2, soil age, P, and C addition) and their interactions controlling microbial N cycling and N-related functional gene abundances in
bulk and HF samples. Net Nmin: Net N mineralization, Net NO3
!: Net nitrification, AOA: abundance of archaeal amoA gene copies.




in both fractions a significant part of the ONwasmineralized, a part
of the produced positively charged NH4
þ ions in the HF was adsor-
bed to negatively charged clay mineral surfaces or fixed into their
interlayers, resulting in a lower bioavailability and lower microbial
immobilization (Russow et al., 2008; Nieder et al., 2011), whereas in
the bulk samples more NH4
þ was immobilized by microbial assim-
ilation activity and biomass production. Thereby, the strength of
this effect may depend on the proportion of the HF in bulk soils as
the absolute amount of minerals was higher in the HF incubations
(since bulk soils still contained the LF). Thus, stabilization of NH4
þ by
clay minerals resulted in higher apparent net N mineralization in
HF samples. This might also explain the different results between
our study with about 95 wt% of HF on bulk soil compared to
Swanston et al. (2004) with only 67e92 wt%. As another explana-
tion Sollins et al. (1984) suggested that microorganisms could
better degrade SOM of the LF (particulate OM), which is also part of
the bulk soil, and therefore overall more N would be microbially
immobilized by these samples. Both hypotheses would imply that
microbial respiration in bulk samples should be higher than in HF
samples, which was the case under anoxic conditions and for most
samples under oxic conditions (Fig. 3). Finally, since density frac-
tionation generally requires dispersion of the soil to remove par-
ticulate OM and thereby results in a larger spatial accessibility of
the substrates to the microorganisms (Cerli et al., 2012), the higher
net mineralization rates in the HF compared to bulk soil also could
be partly related to the fractionation procedure. Even if this might
be partly true, it is remarkably that N derived frommineral-organic
associations is highly bioavailable supporting previous findings
that stabilized SOM is not necessarily chemical recalcitrant
(Mikutta et al., 2006; Kleber et al., 2010).
4.2. Oxygen status and N substrate type mainly control the
utilization of mineral-associated N
The O2 status representing different redox regimes mostly
controlled the microbial cycling of mineral-associated N in soils
(Fig. 7). The redox regime acts as a master control on microbe-
catalyzed N transformations by specifically inhibiting or stimu-
lating aerobic or anaerobic microorganisms and the corresponding
N cycling processes (Pett-Ridge et al., 2006). Most parameters for
microbial N cycling as well as respiration rates and microbial
biomass were many times higher (lower for N2 and N2O) under oxic
than anoxic conditions, reflecting the importance of this environ-
mental parameter. Although we found similar patterns for the O2
status as control on microbial N cycling for HF and bulk samples,
the O2 status had a more pronounced effect in the HF, especially on
net N mineralization and net nitrification (Fig. 7).
As discussed above, under oxic conditions gross N mineraliza-
tion and immobilization seem to be higher in bulk samples than in
the HF, which coincided with higher copy numbers of archaeal
amoA and narG genes (Fig. 6 A, B). In contrast, under anoxic con-
ditions, narG gene copy numbers and N2 production were higher in
the HF than in bulk soil suggesting a preference for mineral-
associated OM by soil microorganisms conducting NO3
"-depen-
dent processes (Fig. 6 B, Fig. S3). This is probably related to the
charge of the N substrate ion e the negatively charged NO3
" ion is
even in the presence of mineral surfaces highly available (Heckman
et al., 2013), whereas the availability of the NH4
þ ion could be
constrained by interactionwithmineral surfaces. Consequently, the
O2 status seems to determine whether the mineral-associated N is
more bioavailable or not by controlling the N pathway type and
with this, the N bioavailability also depends on the properties, i.e.
charge of the favored N substrate.
Surprisingly, N2O production could only be detected in bulk
samples under anoxic conditions (Fig. 2). However, we would have
expected generally low N2O production rates because of the low
NO3
" concentrations at the beginning of the incubation (Table 1).
Further, we expected lower N2O values for bulk soil compared to
the HF samples due to the higher C availability (as reflected by
higher respiration rates, Fig. 3) that would favor the whole reduc-
tion pathway towards N2 (Senbayram et al., 2012). Presumably, our
converse patterns may be explained by differences in the com-
munity composition of NO3
"-reducers. Similarly, higher N2O pro-
duction rates at the 5k and 120k sites may be connected to age-
related differences in microbial community composition. This
assumption is supported by Wallenstein et al. (2006) and refer-
ences therein who reported for different soils with contrasting
N2O:N2 product ratios that they varied considerably in their deni-
trifier communities. Further, for the soil ammonia-oxidizing arch-
aeum Nitrososphaera viennensis it was reported that N2O could be
also produced via co-denitrification under oxygen depleted con-
ditions (Spott et al., 2011; Stieglmeier et al., 2014) corresponding to
the detected archaeal amoA gene copy numbers under anoxic
conditions (Fig. 6A).
4.3. Impact of different soil ages reflecting a mineralogical gradient
Soil age was also one of the important controls on microbial
cycling of mineral-associated N and N-related microbial abun-
dances (Fig. 7, Table 4). All parameters were normalized to initial N
and C contents of incubation samples to account for age-related
effects caused by the nutrient gradient. Therefore, differences be-
tween younger (0.5k and 5k) versus older soils (12k and 120k) were
most likely caused by the mineralogical gradient developing during
soil pedogenesis (Table 2). Accordingly, in A horizons of the
younger soils that were characterized by a higher content of clay
and secondary Fe and Al phases, ON and the produced NH4
þ were
stabilized by these minerals and, thus, less bioavailable for soil
microorganisms resulting in lower net N mineralization rates as
well as lower archaeal amoA and chiA gene copy numbers (Figs. 1
and 6 A, C). This is supported by a sorption experiment with
different clay minerals and Fe oxides, where the bioavailability of
sorbed alaninewas lowest for the Fe oxides (Dippold et al., 2014). In
addition, several studies reported a preferential accumulation of N-
containing compounds, such as proteins, in stabilized SOM due to
interaction with metal oxides, especially at pH ranges below 7
(Pronk et al., 2013; Knicker, 2011). In contrast, net nitrification and
narG gene copy numbers were hardly influenced by soil age (Fig. 7),
confirming that NO3
"-related pathways and abundances were less
affected by mineralogical properties in line with the suggestion
above that the NO3
"-bioavailability is hardly impaired by soil
minerals.
Soil age had a more pronounced effect on microbial N cycling
and N-related microbial abundances in the HF under anoxic than
under oxic conditions (Table 4). Similarly, net N mineralization of
paddy soils was positively correlated with the content of organi-
cally complexed Fe under anoxic conditions, whereas under oxic
conditions it was positively correlated with soil C and N content
(Kader et al., 2013). We observed this relationship also for respi-
ration rates, for which soil age had a major effect under anoxic
rather than oxic conditions. Likewise, in incubation experiments
with varying clay composition, mineralogy also had no significant
or a minor effect on respiration rates under oxic conditions (Carson
et al., 2007; Pronk et al., 2013; Vogel et al., 2014).
In summary, our results showed an inhibition of microbial ON
and NH4
þ turnover due to a reduced bioavailability caused by soil
minerals (Fe oxides and clay minerals). Nevertheless, part of this
mineral-associated N can well be utilized by soil microorganisms,
while the bioavailability strongly depends on the N substrate type
and soil mineralogical composition.





4.4. P additioneenhanced cycling of mineral-associated N
especially at P-limited sites?
Although the effect of P additionwas generally minor compared
to the effect of O2 status and soil age, it significantly enhanced net N
mineralization in HF samples in older, P-limited soils (12k and
120k) especially under oxic conditions (Fig. 1). In contrast, in bulk
samples P addition had almost no effect. Previous findings showed
that organic P and total P were preferentially sorbed by Fe and Al
oxide (Heckman et al., 2013; Swenson et al., 2015), probably
resulting in a lower bioavailability of P. As a result, P limitation at
the older sites would be aggravated in mineral-enriched HF sam-
ples. Hence, the addition of P had a stronger effect in HF samples by
mitigating the P limitation and stimulating microbial activity and
thereby N mineralization. A positive effect of P addition on net N
mineralization in soils with low P content was also reported for a
pot experiment and a fertilization experiment in the field (Falkiner
et al., 1993; calculated from Baral et al., 2014).
However, P addition had either almost no stimulating (chiA), or
even an inhibiting effect (narG) on N functional gene copy numbers
in HF samples, probably as a result of the overall weak effect of P on
microbial N cycling in this experiment.
4.5. Priming via celluloseeenhanced mineralization of mineral-
associated N?
Under oxic conditions, the addition of 13C-labeled cellulose
tends to increase SOM-derived CO2 production compared to the
wo-treatment for the two younger soils and for the CP treatment of
the oldest soil suggesting a general priming effect for both, bulk soil
and the HF (Fig. 4). This indicates that the mineralization of
mineral-associated OM in A horizons could be primed by an easily
available substrate like cellulose as described previously for bulk
samples in subsoils (Fontaine et al., 2007). However, C addition
showed no consistent fraction-related trend for SOM-derived CO2
production, similar to general soil respiration rates. These findings
were supported by several studies reporting that general respira-
tion rates were hardly affected by mineralogical properties
(Heckman et al., 2013; Vogel et al., 2014). Microbial incorporation of
SOM-derived C into the biomass was also slightly stimulated by
cellulose addition in both fractions, but showed no significant
trends for treatments or soil age (Fig. S4).
The stimulation of microbial respiration under oxic conditions
upon cellulose amendment (Fig. 3) decreased net N mineralization
likely due to higher microbial N immobilization in both fractions
(Fig. 1; Vinten et al., 2002). The analysis of 84 mineral soils under
different vegetation type confirmed that the C contentwas one of the
most important drivers, exerting a negative effect on net N mineral-
ization (Colman and Schimel, 2013). However, similarly to P addition,
N functional gene abundances were hardly affected by C addition in
HFsamplespointing toaweakcelluloseeffect, too.Overall, underoxic
conditions the cellulose-induced priming effect of microbial respi-
rationhad aminor effect on cyclingofmineral-associatedN. Thismay
be related to a shift from N to a more pronounced C cycling with N
immobilization causing an inhibition of N cycling-related processes
by cellulose as an easy degradable, but N-free substrate.
In contrast, under anoxic conditions lower values of SOM-
derived CO2 for C treatments pointed to a “negative” priming ef-
fect (Fig. 4) indicating a slower degradation of SOM and a prefer-
ential respiration of the added cellulose (Kuzyakov et al., 2000),
that was hardly impacted by mineral interactions.
4.6. Conclusions
Our results of the microcosm incubation experiment indicate
that mineral-associated N provides an important bioavailable N
source for soil microorganisms in mineral topsoil horizons. The
bioavailability of this fraction is mostly controlled by the O2 status
in connection with N substrate characteristics and the soil miner-
alogical composition. Thus, microbial ON and NH4
þ transformations
were inhibited by soil minerals due to a lower substrate bioavail-
ability, whereas microbial processes and abundances depending on
NO3
" were not affected by soil mineralogical properties. In com-
parison to O2 status and soil age, the addition of P and C had only a
minor effect on mineral-associated N turnover. The addition of P
hardly enhanced the microbial utilization of mineral-associated N
despite a significant stimulation of net N mineralization in P-
limited soils. Cellulose addition tends to stimulate the degradation
of SOM under oxic conditions, but may inhibit net N mineralization
of mineral-associated N.
Though further research is necessary to disentangle the effects
of different soil fractions on particular N pathways and to assess the
impact of mineral-associated N on terrestrial N cycling, our study
highlights the relevance of mineral-organic associations as an
important source of bioavailable, mineralizable N for microbial N
cycling in mineral soils. It provides first insights into the complex
interactions between the soil mineral phase and microbial N
transformations as well as abundances of the corresponding soil
microorganisms that exert a great impact on soil fertility and
productivity.
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Table S1  
Primers and conditions for qPCR assays. 








Archaeal amoA gene      
Arch-amoAF  
Arch-amoAR 
STA ATG GTC TGG CTT AGA CG  





Francis et al., 
2005 
 95°C-10 min;  
42x: 95°C-1 min, 53°C-30 sec, 75°C-1 min; 
95°C-15 sec 
     
Bacterial amoA gene      
amoA-1F  
amoA-2R 
GGG GTT TCT ACT GGT GGT  









 95°C-10 min;  
45x: 95°C-45 sec, 57°C-30 sec, 72°C-1 min, 
80°C-20 sec;  
95°C-1 min 
    
Bacterial narG gene      
narG-F   
narG-R 
TCG CCS ATY CCG GCS ATG TC  






Bru et al., 
2007 
 95°C-15 min;  
6x: 95°C-30 sec, 63°C(-0.5°C/cycle)-30 sec, 
72°C-30 sec, 80°C-30 sec;  
36x: 95°C-30 sec, 58°C-30 sec, 72°C-30 sec, 
80°C-30 sec;  
95°C-30 sec 
    












 95°C-10 min;  
40x: 95°C-1 min, 63°C-1 min, 72°C-1 min, 
80°C-15 sec; 95°C-15 sec 
    
1
 Primer concentration 
2 
Mastermix: F – FastStart Universal SYBR Green Master (ROX) (Roche, Rotkreuz, Switzerland), P – Platinum 
SYBR Green qPCR SuperMix-UDG with ROX (Life Technologies, Carlsbad, CA, US), AB – ABsolute QPCR 










Effects of different soil properties on microbial N cycling and N-related microbial gene abundances as revealed 
by four-way ANOVA (two- and three-way interaction terms). Frac – Fraction, Age – Site age, Treat – Treatment 


























Net N mineralization *** *** *** *** *** n.s. *** *** *** *** 
Net nitrification n.s. n.s. *** n.s. n.s. n.s. n.s. ** n.s. n.s. 
N2 production (anoxic) - - - n.s. n.s. n.s. - - - n.s. 
N2O production (anoxic) - - - *** * n.s. - - - n.s. 
Nmic n.s. n.s. n.s. * * *** n.s. n.s. * ** 
Archaeal amoA *** n.s. n.s. *** n.s. ** ** n.s. * n.s. 
narG *** *** *** n.s. *** * *** *** ** ** 
chiA (oxic) - - - *** n.s. *** - - - *** 








Fig. S1. Schematic overview of the incubation experiment setup (photographs courtesy of 






Fig. S2. Net nitrification after 125 days of incubation for bulk (red boxplots) and HF (blue 
boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) as percent of the 
initial TN content. For each soil age, samples were incubated under oxic and anoxic 
conditions and different substrate additions (wo, P, C, and CP) were tested. Boxplots 
represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil 
age effect (averaged over all treatments per age) were indicated by letters (left – bulk / right – 
HF) with the same letters indicating that values for these ages differed not significantly (P > 
0.05). Significant treatment effects (P < 0.05) of P, C and CP addition compared to wo-








Fig. S3. N2-N production after 125 days of incubation for bulk (red boxplots) and HF (blue 
boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) as percent of the 
initial TN content. For each soil age, samples were incubated under anoxic conditions and 
different substrate additions (wo, P, C, and CP) were tested. Boxplots represent values of the 
three incubation replicates. Results of Tukey post-hoc test for the soil age effect (averaged 
over all treatments per age) were indicated by letters (left – bulk / right – HF) with the same 
letters indicating that values for these ages differed not significantly (P > 0.05). Significant 
treatment effects (P < 0.05) of P, C and CP addition compared to wo-treatment for bulk or HF 






Fig. S4. SOM-derived Cmic after 125 days of incubation for bulk (red boxplots) and HF (blue 
boxplots) samples of differently aged soils (0.5k, 5k, 12k, and 120k years) related to the initial 
OC content of the samples. For each soil age, samples were incubated under conditions and 
different substrate additions with 
13
C-labeled cellulose (C and CP) were tested. Boxplots 
represent values of the three incubation replicates. Results of Tukey post-hoc test for the soil 
age effect (averaged over all treatments per age) were indicated by letters (left – bulk / right – 
HF) with the same letters indicating that values for these ages differed not significantly (P > 
0.05). Treatment effects of P, C and CP addition compared to wo-treatment for bulk and HF 
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